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ABSTRACT 
Reservoirs are dynamic and differ from natural systems in terms of physical conditions 
and contain diverse fish communities.  Although once thought to be unproductive, reservoirs 
often contain high abundances of fishes consisting of native riverine species as well as 
introduced sport fishes that provide unique angling opportunities. As reservoirs are vastly 
different than natural lakes and rivers, traditional fisheries management strategies are not always 
applicable, complicating management and understanding. Muskellunge and Walleye are two 
species often introduced to reservoirs that are sustained by routine stockings due to limited 
natural reproduction. Previous research has evaluated stocking success and factors regulating 
Muskellunge and Walleye populations in natural systems; however, little is known about 
reservoirs populations, although this knowledge is essential for effective management. To 
address this lack of information, I used radio telemetry to assess behavior and survival of 
juvenile and adult Muskellunge and Walleye in Big Creek and Brushy Creek lakes, Iowa, USA. 
My first chapter involved implanting wild and stocked age-0 Walleye with radio transmitters and 
conducting regular tracking after fall stocking to determine if there were differences in behavior 
and survival. I found little evidence of behavioral differences between Walleye groups, although 
home ranges were greater in Big Creek than Brushy Creek. Survival was generally high and was 
greater for stocked than wild Walleye in Big Creek but did not differ between groups in Brushy 
Creek.  In chapter two, I conducted a similar study on spring-stocked yearling Muskellunge, with 
a focus on differences in behavior and survival between systems with varying habitat 
complexity. Movement rates were greatest in both lakes during the first week post-stocking, with 
greater rates and home ranges in Big Creek. Brushy Creek Muskellunge moved less and were 
typically associated with coarse woody habitat and aquatic vegetation, while fish in Big Creek 
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exhibited strong selection for limited amounts of complex coarse woody habitat. Muskellunge 
stocking survival was low but variable; most mortality occurred during the first four days after 
stocking, survival was greater in Brushy Creek, and post-stocking mortality was significant in 
both systems during 2018. Mortality in 2018 was likely associated with stocking stressors, while 
predation also contributed to Muskellunge mortalities in Big Creek. Chapter three involved 
tagging and tracking adult Walleye for two and a half years to evaluate how harvest, mortality, 
and escapement regulate populations as well as determine whether individual behavior was 
related to fish fate. Walleye harvest was greatest from April through July and was greater in Big 
Creek (annual estimate = 27%) than Brushy Creek (13%). Natural mortality (36-38%) was 
greater than harvest, similar between systems, and positively related to water temperature. While 
no escapement occurred at Big Creek, likely due to the presence of a physical barrier, 
escapement from Brushy Creek ranged from 22-47% and was related to mean water levels 
during April. Movement rates were greatest in both lakes during spring, but Walleye behavior 
was largely similar despite fish fate. Similarly, my last research chapter involved tracking adult 
Muskellunge implanted with radio tags over the same duration as Walleye and assessed behavior 
and movement as well as factors contributing to fish loss. Muskellunge exhibited seasonal 
variation in behaviors in Big Creek, with greater movement during spring and use of shallow 
water during spring and summer. Behavior was similar across seasons in Brushy Creek, and fish 
ranges were comparable between lakes and encompassed large areas. Additionally, we found no 
evidence suggesting that previously escaped Muskellunge behaved differently or were more 
likely to escape than in-lake residents. Several tagged fish in both reservoirs were located in 
spillway areas during spring and summer; however, no escapement occurred at Big Creek while 
annual estimates at Brushy Creek ranged from 18-54%, with greater escapement from May 
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through August and at greater maximum lake levels.  Natural mortality did not differ by system 
but was positively related to water temperature, ranging from 15-18% annually. Altogether, these 
findings indicate that stocked Walleye exhibit similar behavior and survival to wild fish, which 
suggests that hatchery habituation is not limiting establishment of Walleye populations. In 
contrast, stocked Muskellunge survival can be low and variable, with system-specific behaviors 
related to availability of complex habitats as well as mortality. Finally, escapement of adult 
fishes can be substantial and contribute to greater fish loss than both harvest and natural 
mortality, though individual behavior does not appear to be related to escapement or harvest 
probability. Increasing stockings is unlikely to be a cost-effective strategy to mitigate adult fish 
escapement. Conversely, the physical barrier at Big Creek appears to be effective at preventing 
adult sport fishes from escaping, and could be a useful tool for improved management of many 
reservoir fisheries. 
1 
 
CHAPTER 1.    GENERAL INTRODUCTION 
Background 
Reservoirs are valuable, multifaceted systems that offer a broad range of fisheries 
management opportunities as well as challenges. Regulating and supplying water are significant 
functions of many reservoirs, but others were intended primarily to provide transportation, 
irrigation, power generation, or recreation, among other purposes (Allen et al. 2008). Thus, a 
multitude of socioeconomic issues are involved when making reservoir management decisions, 
stemming from various agency and stakeholder interests. In addition, managers must consider 
the ecological effects of their decisions, including habitat alteration, human activity, food web 
effects, and water level manipulation, that are incorporated into reservoir management strategies 
(Willis 1986; Stein et al. 1995; Miranda 1996).  
 Reservoir construction in North America began early in the Twentieth Century and 
peaked during the 1960s (Miranda 1996). The construction of impoundments prompted the 
development of new fisheries management and research approaches. Due to the dynamic and 
unpredictable conditions occurring within reservoirs, techniques used to manage natural lakes 
were not successful for managing these new systems (Ellis 1937), prompting investigations into 
reservoir limnology and fish populations characteristics. Reservoir fisheries in the 1920s and 
1930s were influenced by the emergence of the “biological desert” paradigm where managers 
believed that, after a few years of high productivity following construction, reservoirs became 
unproductive (Miranda 1996). Subsequently, managers restricted fish harvest and increased 
stocking efforts to promote fisheries sustainability, prompting the construction of hatcheries 
throughout the southern United States (Miranda 1996). However, this paradigm came into 
question when studies in reservoirs constructed by the Tennessee Valley Authority showed 
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higher catch rates of fishes post-dam construction and harvest regulations were relaxed to expand 
these fisheries for commercial and recreational use (Eschmeyer and Tarzwell 1940). The 
“biomanipulation” paradigm of reservoir management emerged in the 1950s as biologists 
realized that productivity did not severely decline following impoundment (Miranda 1996). 
Instead, fish abundance increased and community composition was altered through the 
impoundment of riverine systems and stocking of nonnative fishes. New management techniques 
focused on manipulating fish community composition, increasing sport fish availability and 
promoting recreational fishing (Miranda 1996). Instead of being used strictly to increase fish 
abundance, stocking was also used as biological control for overabundant prey species and to fill 
unoccupied food web niches by introducing additional sport fishes for anglers (Fetterolf 1957; 
Kimsey 1958).  
Muskellunge Esox masquinongy is an important recreational species that has been 
extensively stocked in reservoirs and is popular in the Midwest, targeted by approximately 14% 
of Minnesota and 25% of Wisconsin anglers (Schroeder et al. 2007; Simonson 2012). 
Muskellunge are native to river systems in the upper Midwest, as well as the northeastern and 
southeastern United States and the provinces of Ontario and Québec (Scott and Crossman 1973). 
Many native Muskellunge populations experienced substantial declines by the 1950s due to 
habitat degradation and overexploitation (Dombeck et al. 1984; Crossman 1986; Graff 1986; 
Farrell et al. 2007; Kapuscinski et al. 2007) and recognition of these declines coupled with 
changing angler perceptions resulted in increased propagation and stocking efforts. Although 
many Muskellunge populations are self-sustaining (Kerr 2011a), others receive stocked fish to 
supplement natural reproduction or are maintained solely by stocking (Wahl 1999; Wagner et al. 
2017). Subsequently, more than half of Muskellunge fisheries in the United States are due to 
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artificial stocking programs, particularly in Midwestern states outside of their native range (Kerr 
2011a). Additionally, Walleye Sander vitreus is an economically and recreationally important 
sport fish across North America (Baccante and Colby 1996; Kerr 2011b) targeted by over 3 
million anglers in the United States in 2011 (U.S. Department of the Interior et al. 2011). The 
natural distribution of Walleye is widespread across northern latitudes and extends as far 
northwest as the Northwest Territories, east to New Hampshire and central Québec, and south to 
the Gulf Coast drainages of Alabama and Mississippi (Scott and Crossman 1973; Trautman 
1981; Page and Burr 1991). However, Walleye have been introduced to many reservoirs in the 
United States (Rahel 2000; Eby et al. 2006) and most of these populations are maintained by 
stocking, as reproduction in reservoirs is limited or nonexistent (Kerr 2011b).  
Survival of stocked juvenile fishes is a concern of managers and can be low for 
Muskellunge (Wahl and Stein 1993; Szendrey and Wahl 1995, 1996; Farrell and Werner 1999; 
Warren 2013; Owensby et al. 2017) and Walleye (Carlander and Payne 1977; Larscheid 1995; 
Johnson et al. 1996; Parsons and Pereira 2001; Peterson et al. 2006; Vandevalk et al. 2007). Post-
stocking survival of both species is influenced by a variety of factors, including size at stocking 
(Santucci and Wahl 1993; Wahl and Stein 1993; Larscheid 1995; Szendrey and Wahl 1996; 
Mitzner 2002; Wagner et al. 2017), timing of stocking events (Margenau 1992; Clapp et al. 
1997; Farrell and Werner 1999; Larscheid et al. 1999; Quist et al. 2003; Peterson et al. 2006),  
and predation (Wahl and Stein 1989; Margenau 1992; Santucci and Wahl 1993; Nate et al. 2003; 
Fayram et al. 2005; Owensby et al. 2017). Although research has been conducted on many 
abiotic and biotic factors related to stocking success, little is known about short-term behavior of 
stocked Muskellunge (but see Hanson and Margenau 1992; Warren 2013; Wagner et al. 2015; 
Owensby et al. 2017) and Walleye. However, this information is critical information for 
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improving hatchery-supported fisheries, as stocking success is related to habitat (Mittelbach 
1981; Hewitt et al. 2009; Brown and Bozek 2010) and dispersal (Bettinger and Bettoli 2002; 
Aarestrup et al. 2005; Skov et al. 2011). 
Aside from stocking success, sport fish populations are regulated by other factors, 
including escapement, harvest, and natural mortality. Escapement, the permanent emigration of 
stocked fishes from a system, can contribute to fish loss from stocked populations and has been 
observed for Muskellunge (Day and Stevenson 1989; Weiss 2009; Wolter et al. 2013; Morrison 
and Warren 2015; Page and Lewis 2017) as well as Walleye (Weber et al. 2013; Weber and 
Flammang 2019). Additionally, while harvest of Muskellunge is minimal (Fayram 2003; 
Margenau and Petchenik 2004; Landsman et al. 2011), Walleye are a popular food fish and 
experience significant exploitation in many systems (Baccante and Colby 1996; Willms and 
Green 2007; Quist et al. 2010). Finally, little is known about natural mortality rates for 
Muskellunge and Walleye; however, it may be significant in regulating reservoir populations, 
particularly towards the southern edge of their range.  
Big Creek Lake is a popular Muskellunge and Walleye fishery located in Polk County, 
Iowa, USA.  Big Creek was the third–most visited of 139 Iowa lakes in 2014, receiving an 
estimated 376,000 household trips (Jeon et al. 2016) and receives intense angling pressure due to 
its location near Des Moines, the largest human population center in Iowa. The most recent creel 
survey showed angling pressure of 116 hours/acre and 31,096 angler trips from mid–April to 
September, demonstrating the significance of this fishery to local anglers (McWilliams 2003). 
However, angler complaints regarding low catch rates of Muskellunge and Walleye have been 
common in the past decade (B. Dodd, Iowa Department of Natural Resources (DNR), personal 
communication). Despite yearly stocking efforts by the Iowa DNR, 2011 estimates indicate that 
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Walleye were present at a low density in Big Creek Lake (4.2 Walleye/ha, 95% CI 3.54 - 5.54; 
B. Dodd; Iowa DNR, unpublished data) compared to other Walleye populations in North 
America (Wisconsin lake average: 8.4 Walleye/ha Sass et al. 2004; North America median: 14.8 
Walleye/ha, Baccante and Colby 1996). Further, Muskellunge catch rates were so low in Big 
Creek during 2011 that population size could not be estimated. Low Muskellunge and Walleye 
densities in Big Creek have been attributed in part to high flow events in 2007–2008 and 2010–
2011 that were hypothesized to result in high escapement. In response, the Iowa DNR partnered 
with the U. S. Army Corps of Engineers and other local stakeholders in 2012 to install a physical 
barrier at the outlet of Big Creek as an effort to reduce Muskellunge and Walleye escapement. 
Increases in Muskellunge and Walleye population estimates since then suggest the barrier has 
been effective at reducing fish escapement. However, the ability of the barrier to reduce 
escapement has not been evaluated, but is necessary before similar barriers can be installed on 
other reservoirs where escapement is a concern.  
Research Needs 
The Iowa DNR would like to increase abundance of Muskellunge and Walleye in Big 
Creek to improve angling opportunities for this highly pressured urban system. Although 
Muskellunge and Walleye population densities in Big Creek have recently increased, they are 
still lower than desired. The barrier installed is thought to be effective at preventing escapement 
of adult fishes. However, escapement rates of smaller juvenile fishes could be high which would 
negatively affect Iowa DNR’s ability to increase fish abundances. Information regarding the 
barrier’s efficacy is necessary for optimal management of this system, as well as to allow for 
improvements in barrier design and construction of similar barriers in other locations. Currently, 
mechanisms regulating reservoir Muskellunge and Walleye populations are poorly understood. 
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The potential for natural reproduction of these species in central Iowa reservoirs is limited, and 
escapement of stocked and/or adult fishes may be a major component of why higher density 
populations cannot be established. Understanding how fish behavior (habitat use, movement), 
fish characteristics (size, species) and environmental conditions (season, water level, 
temperature) are associated with escapement, harvest, and mortality is necessary for developing 
new management strategies for these systems.  
Objective 
 The objective of this study was to evaluate factors regulating Muskellunge and Walleye 
populations. We did this by using radio telemetry to study the behavior, escapement, harvest, and 
mortality of recently stocked juvenile as well as adult Muskellunge and Walleye in two Iowa 
impoundments. Telemetry data regarding seasonal habitat use, movement rates, and range sizes 
were collected to allow for comparisons between a system with a physical barrier (Big Creek 
Lake) and a reference system without a physical barrier (Brushy Creek Lake). These objectives 
provided insight regarding fish behavior and how it may be related to escapement, harvest, and 
mortality in Iowa reservoirs. The results of this study can be used to modify management 
practices, leading to increased Muskellunge and Walleye densities and improved angling 
opportunities through increased catch rates and higher densities of harvestable and trophy fish. 
Thesis Organization 
Chapter 1 is a general introduction to this thesis. Chapter 2 describes behavior and 
survival of wild versus stocked age-0 Walleye in two central Iowa reservoirs and was published 
in the journal Fisheries Management and Ecology. Chapter 3 is in revision at the journal North 
American Journal of Fisheries Management and focuses on post-stocking behavior and survival 
of yearling Muskellunge in two reservoirs with contrasting habitat availability. Chapter 4 
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discusses the importance of harvest, natural mortality, and escapement in regulating reservoir 
Walleye populations and was written for submission to the North American Journal of Fisheries 
Management. Chapter 5 was written for submission to Fisheries Research and evaluates 
Muskellunge behavior in two central Iowa reservoirs and compares how escapement and natural 
mortality contribute to loss from populations. Lastly, Chapter 6 summarizes this thesis and offers 
general conclusions and management implications. 
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CHAPTER 2.    BEHAVIOR AND SURVIVAL OF WILD VERSUS STOCKED 
FINGERLING WALLEYE 
Modified from a manuscript published in Fisheries Management and Ecology 
Robert E. Weber III1 and Michael J. Weber1 
Co-authors contributed to the data collection and preparation of this manuscript 
Abstract 
Walleye Sander vitreus have been progressively raised in hatcheries to larger sizes under 
the paradigm that larger stocked fish have higher survival. However, extended time in hatcheries 
may result in domestication, with stocked individuals lacking behaviors that promote survival. 
The objective of this study was to evaluate behavior and survival of wild versus stocked 
fingerling (>200 mm) Walleye in two Iowa reservoirs. Radio telemetry was used to evaluate 
Walleye movement rates, depth use, home range size, habitat selection and apparent survival. 
Depth use increased with days since stocking and varied between lake-years but was similar 
between Walleye groups. Daily movement rates varied by the interaction between group and 
day, with rates declining through time. Home ranges did not differ between groups but were 
significantly greater in Big Creek than Brushy Creek. Walleye in both lakes generally used 
habitat in proportion to availability, with few differences between groups detected. Weekly 
apparent survival ranged from 0.948 to 1.000, varied across lakes, years and seasons, and was 
higher for stocked than wild Walleye in Big Creek but not Brushy Creek. The results indicate 
that hatchery-reared fingerling Walleye behave similar to but can have higher survival than wild 
fish, suggesting that domestication may not be occurring and that stocking autumn fingerling 
Walleye may help supplement year-class strength. 
15 
 
1Iowa State University, Department of Natural Resource Ecology and Management, 
Ames, IA 50011, USA 
Introduction 
Stocking is a valuable management technique used to create and supplement recreational 
fisheries as well as manipulate existing fish communities. Walleye Sander vitreus (Mitchill) is 
one of the most commonly introduced fishes to reservoirs in the United States (Rahel, 2000; Eby, 
Roach, Crowder, & Stanford, 2006) and provide valued recreational fisheries throughout North 
America (Baccante & Colby, 1996; Kerr, 2011). Due to inconsistent natural reproduction of 
Walleye throughout its range, supplemental and maintenance stockings are commonly used to 
sustain recreational fisheries (Kerr, 2011). However, Walleye stocking success is highly variable 
among systems, driven by variation in Walleye stocking size (Santucci & Wahl, 1993; Larscheid, 
1995; Mitzner, 2002), time of stocking (Clapp, Bhagwat, & Wahl, 1997; Quist, Guy, Bernot, & 
Stephen, 2003; Peterson, Peterson, & Carline, 2006), predator abundance (Santucci & Wahl,  
1993; Nate et al., 2003; Fayram, Hansen, & Ehlinger, 2005) and available forage (Johnson, 
Vogelsang, & Stewart, 1996; Donovan, Stein, & White, 1997; Hoxmeier, Wahl, Brooks, & 
Heidinger, 2006). 
Because Walleye stocking success is largely unpredictable, managers often stock 
multiple sizes annually within a system to compensate for potentially unsuccessful stocking 
events. Walleye fry stockings are common throughout North America but have been met with 
mixed results, ranging from production of large year-classes (Mitzner, 2002; Logsdon, 2006; 
Logsdon, Anderson, & Miller, 2016) to little or no contribution to populations (Carlander & 
Payne, 1977; Johnson et al., 1996; Peterson et al., 2006). Due to erratic fry stocking success, 
Walleye are also reared extensively or intensively in hatcheries and stocked as advanced 
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fingerlings (>200 mm, hereafter referred to as fingerlings; Summerfelt, Johnson, & Clouse, 
2011) under the paradigm of ‘bigger is better’ (Werner & Gilliam, 1984; Rice, Crowder, & 
Binkowski, 1987; Miller, Crowder, Rice, & Marschall, 1988; Santucci & Wahl, 1993). The 
increased body size and gape of fingerlings may result in decreased predation and increased 
foraging opportunities, leading to more rapid growth and higher survival (Buijse & Houthuijzen, 
1992; Olson, 1996; Olson, Brooking, Green, Vandevalk, & Rudstam, 2000). However, despite 
stocking success in some situations, fingerling Walleye stockings have not been successful on 
numerous occasions (e.g., Larscheid, 1995; Parsons & Pereira, 2001; Vandevalk, Brooking, 
Jackson & Rudstam, 2007). Thus, further information regarding the post-stocking fate of 
fingerling Walleye is needed. 
One reason that fingerling Walleye stockings have been unsuccessful in some situations 
may be a lack of previous exposure to natural environments. As fishes spend more time in a 
hatchery, they become habituated to predator-free environments and feeding procedures 
(Berejikian, 1995; Porak et al., 2002; Pouder, Trippel & Dotson, 2010) that can result in low 
survival post-stocking (Maynard, Flagg & Mahnken, 1995; Maynard, Flagg, Iwamoto & 
Mahnken, 2005; Thompson, Porak, Leone & Allen, 2016). Fingerling Walleye are typically 
reared in artificial conditions in hatcheries (e.g. habitat, light, water clarity, artificial feed, lack of 
predators; Summerfelt, Johnson & Clouse, 2011) that may lead to increased predation and 
decreased foraging success in natural systems (Porak et al., 2002; Trushenski et al., 2010). 
Additionally, fingerling Walleye may be lethargic post-stocking and remain near stocking 
locations as a result of previous hatchery confinement and transportation stress (Forsberg, Barton 
& Summerfelt, 1999; Forsberg, Summerfelt & Barton, 2001; Barton, Haukenes, Parsons & Reed, 
2003; Ball, Goode & Weber, 2020). If fingerling Walleye are unable to recognise potential 
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predation risk, do not disperse following stocking, or use appropriate habitats post-stocking, they 
could experience lower survival rates compared to wild fish despite their large body size. 
However, no information is available regarding post-stocking behavior of stocked versus wild 
fingerling Walleye. 
Although larger fish are generally less vulnerable to predation and starvation (i.e. bigger 
is better hypothesis, Werner & Gilliam, 1984; Rice, Crowder & Binkowski, 1987; Miller, 
Crowder, Rice & Marschall, 1988), raising Walleye to larger sizes in artificial environments 
could result in a lack of natural behaviors (e.g. movement and habitat use) that may result in low 
survival rates. However, the effects of hatchery domestication on fingerling Walleye behavior 
and survival are unknown. Radio telemetry was used in two central Iowa reservoirs to evaluate 
the behavior (i.e. movement rates, depth use, home range size, habitat selection) and survival of 
autumn stocked fingerlings relative to wild Walleye. We hypothesized that stocked Walleye 
would move less and have smaller home ranges, exhibit weak or no selection for coarse substrate 
and complex CWH, and experience lower survival than wild Walleye due to hatchery habituation 
and naivety in natural systems. 
Methods 
Study Area 
Big Creek Lake (357 ha) is located in Polk County, Iowa, USA (Figure 1). Construction 
began in 1969 as part of a local flood control program and the reservoir was filled in 1972. Big 
Creek has a large watershed (~20,000 ha) that consists primarily of agricultural land. Increased 
sediment load due to shoreline erosion and contribution from the major drainages led to 
renovations in the mid–1990s, including the armoring of ~9 km of shoreline and the installation 
of dikes in the north end to control incoming sediment. The lake has a mean depth of 5.9 m, a 
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maximum depth of 16.3 m, and is mostly void of emergent natural coarse woody habitat 
(hereafter CWH). However, Iowa DNR placed more than 45 brush piles throughout the lake as 
fish habitat between 2007 and 2010. Big Creek contains American Pondweed Potamogeton 
nodosus, Coontail Ceratophyllum demersum, Sago Pondweed Potamogeton pectinatus, and non–
native Curly–Leaf Pondweed Potamogeton crispus. Gizzard Shad Dorosoma cepedianum 
(Lesueur) was detected in 2014 for the first time in a decade and numbers increased 
exponentially during summer 2015 (A. Otting, Iowa DNR, unpublished data). 
Brushy Creek Lake (280 ha) is located in Webster County, Iowa, USA, approximately 65 
km north of Big Creek Lake (Figure 1). Completed in 1998, the lake has a watershed that is 
comparable to Big Creek in size (~21,000 ha) and land use practices. Brushy Creek has a mean 
depth of 8.8 m, a maximum depth of 22.9 m, and contains a large amount of coarse woody 
habitat throughout the lake. There is a variety of aquatic vegetation present including American 
Pondweed, Coontail, Duckweed Lemna minor, Sago Pondweed, Southern Naiad Najas 
guadalupensis, Watermeal Wolffia spp., Two–Leaf Watermilfoil Myriophyllum heterophyllum, 
and Water Stargrass Heteranthera dubia. There are also two non–native species of aquatic 
vegetation found in Brushy Creek, Brittle Naiad Najas minor and Curly–Leaf Pondweed. 
Gizzard Shad are not present in Brushy Creek; instead, centrarchids and Yellow Perch Perca 
flavescens (Mitchill) are the primary prey base for piscivores. 
Rathbun Walleye Production 
Rathbun Fish Hatchery maintains a small number of captive Walleye broodstock, but the 
majority of eggs collected annually are stripped from wild broodstock collected via gill nets 
during early April from multiple lakes throughout Iowa. Eggs are placed in hatching jars and, 
after hatching, Walleye fry are stocked into lakes and rivers throughout Iowa. The remaining fry 
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are enumerated and stocked at ~100,000 fry per 0.4 ha into lined hatchery ponds. Hatchery ponds 
are fertilised to increase primary production and Walleye fry in the ponds are raised on natural 
zooplankton until early June. In June, juvenile Walleye are removed from the ponds, placed in 
concrete raceways, and converted to pelleted diet in low-light conditions where they remain for 
approximately a month. In July, fish are moved outside to concrete circulating ponds where they 
are pellet fed before being stocked in mid- to late October (A. Havard, Iowa DNR, personal 
communication). 
Transmitter Implantation 
Fingerling Walleye (n=15 lake/year) were implanted with radio tags (ATS, Isanti, 
Minnesota; F1540, 2 g in water, 240-day battery life, 1.0%-2.8% body weight) at Rathbun Fish 
Hatchery (Moravia, Iowa, USA) prior to stocking, while wild Walleye (n=15 lake/year; hereafter 
referred to as fry) were collected by night electrofishing and fyke netting in October and 
implanted with radio tags (ATS, Isanti, Minnesota; F1555, 1.3 g in water, 167-day battery life, 
0.7%-2.1% body weight) at Big Creek during autumn 2016 and 2017 and at Brushy Creek during 
autumn 2017 (Table 1). Little or no natural reproduction of Walleye occurs in Iowa reservoirs 
(Mitzner, 1992 & 2002). Thus, wild fingerling Walleye collected during autumn electrofishing 
were likely the result of spring fry stocking events. However, these fish were hatched from wild 
broodstock, spent nearly their entire lives in the study lakes, and had survived for five months in 
these systems prior to collection for radio tag implantation. Therefore, Walleye collected from 
lakes served as a good wild comparison for advanced fingerling Walleye that spent their entire 
lives in the hatchery prior to being stocked in October. Different tag sizes were used for wild and 
hatchery Walleye, as it was expected that wild Walleye would be smaller than hatchery 
fingerlings. However, Walleye groups (wild versus stocked) were similar in size when 
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transmitters were implanted (wild mean TL = 248 mm (range: 201-279 mm); stocked mean TL = 
246 mm (range: 210-277 mm); Appendix B). The only difference between tag types was battery 
life, as tag size does not have an influence on signal strength. 
 Prior to each surgery, transmitters and surgical tools were disinfected in 4% 
chlorhexidine scrub and rinsed with distilled water (Burger, DeYoung & Hunter, 1994; Harms, 
2005). Electroanesthesia (Maxtens 1000 TENS Unit) was used to immobilise fish during surgery 
(Vandergoot et al., 2011). Fish were measured (TL, mm) and weighed (g) before being exposed 
to pulsed direct current. The surgery station consisted of four electrodes mounted on a wooden 
V–shaped tray where fish were placed ventral side up (Appendix A). Electrical intensity was 
increased slowly until fish were immobilised, after which iodine ointment was applied along the 
linea alba before an incision was made anterior to the pelvic girdle (Schramm & Black, 1984; 
Clapp, Clark Jr., & Diana, 1990). The initial incision was made using a small scalpel and iris 
scissors were used to enlarge the incision until transmitters could be admitted into the body 
cavity (Hart & Summerfelt, 1975). After tag insertion, the whip antenna was inserted into a 16–
gauge hypodermic needle used to create an exit hole through the body wall anterior to the anus. 
Size 4/0 Maxon sutures (Medtronic, Inc.; Dublin, Ireland) were used to close incisions with an 
interrupted cruciate suture and an additional single interrupted suture if needed. Iodine ointment 
was applied to the closed incision before fish tagged at either lake were placed in a tank to 
recover for approximately 10 min, while fish tagged at the hatchery were returned to the 
raceway. Wild Walleye were released near where surgeries were conducted 7-23 days prior to 
stocked Walleye. Walleye tagged at Rathbun Fish Hatchery were allowed 8-15 days to recover, 
during which no mortality was observed, before being stocked at a single location on each 
reservoir. 
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Radio Telemetry 
Active tracking began the evening of stocking and was continued nightly for one week 
post-stocking. During the second week post-stocking, tracking was conducted at least every other 
night, after which fish were tracked on a weekly basis until lakes were ice covered. During the 
winter, Walleye were tracked bi–weekly on foot during safe ice and weather conditions. 
Although radio tags perform well during ice conditions, both lakes are greater than 15 m deep 
with medium–high conductivity (435-514 µS/cm), reducing the performance of radio 
transmitters (Koehn, 2012), increasing the potential of not detecting fish that moved into deeper 
water. Additionally, spillway basins were searched during tracking events to determine if tagged 
Walleye had emigrated and terrestrial areas around each lake were periodically tracked for tags 
that may have been consumed by avian and terrestrial predators. However, no tagged Walleye 
were located in the spillway basin or surrounding terrestrial areas at either reservoir. Stocked and 
wild Walleye were tracked into the spring of the following year until tag batteries began to 
expire. Tracking ceased in early April each year, approximately 170 d post-stocking, for a 
conservative estimate of radio tag battery life. 
Tracking was conducted using a 3–element folding Yagi radio antenna connected to an 
ATS model R4000 receiver. Each tracking session, the receiver was set to scan at maximum 
volume and gain and the perimeter of the lake was slowly searched until a fish was detected. 
When a fish was detected, it was approached and the gain was gradually reduced until the signal 
was barely noticeable at the highest volume setting. Fish location was recorded in Universal 
Transverse Mercator (UTM) coordinates when the receiver gain was at the lowest achievable 
setting and the signal strength was equal in all directions (Guy, Willis, & Jackson, 1994). When 
no movement was detected for a given fish over three or more consecutive tracking occasions, 
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the fish was considered dead and prior data were reviewed to determine when the fish was last 
located alive (Wagner & Wahl, 2011). 
Habitat Data Collection 
At each Walleye location, a number of habitat parameters were measured: water depth 
(m), substrate and coarse woody habitat (CWH) complexity. Substrate was identified visually 
using an underwater camera or by prodding with a metal pole and classified using a modified 
Wentworth scale (Appendix A, Cummins, 1962; Bain, 1999). Due to difficulty precisely 
distinguishing substrates as well as their common co-occurrence, fine (silt and sand) and coarse 
(gravel and cobble) substrates were grouped into two separate categories with boulder (>256 
mm) included as a third category for selection analyses. If a location was associated with 
submerged CWH, data were recorded using a scale from 1 (least complex) to 5 (most complex) 
based on the state of decay as well as the presence of bark, branches and twigs (Appendix A, 
Mallory, Ridgway, Gordon & Kaushik, 2000; Wagner, Weber & Wahl, 2015). 
Availability of substrate types and CWH complexities was determined by transect and 
point sampling in the littoral and pelagic zones, respectively. In each lake, 100 equally spaced 
transects were selected along the perimeter using ArcGIS (ESRI Inc., Redlands, CA, USA). 
Along each transect, depth, substrate, and CWH complexity were measured at 1-m intervals 
starting at the land-water interface and moving perpendicular to the shoreline until the end of the 
littoral zone (~3 m depth contour). In addition, 100 points were randomly selected in the pelagic 
zone of each lake and the above variables were measured at each point using an underwater 
camera. Lakes were divided into the upper, middle and lower ends based on surface area, and 
points were selected proportionally within each zone. Total counts of wood within different 
CWH complexity classes as well as counts of substrate types from littoral and pelagic sampling 
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were combined across sampling methods to determine the proportions of each habitat category 
available. These proportions were extrapolated to determine lake-wide availability of CWH and 
substrates. 
Analysis 
Walleye minimum daily movement rates (m/day, hereafter movement rates) were 
calculated as the minimum in-water distance between two consecutive locations divided by days 
between locations. For example, a fish that was located on the day of stocking and then went 
missing until day 4 post-stocking with an in-lake distance of 900 m between locations would 
have a minimum daily movement rate of 300 m/day. Movement rates and water depth at Walleye 
locations (hereafter depths) were assessed using repeated-measures analysis of variance 
(ANOVA) with stocking group (wild versus stocked; hereafter group), days since stocking, and 
the group-day interaction included as factors. Movement rates were log-transformed to normalise 
the residuals. Lake and year were also included in models as a combined lake-year blocking 
factor due to the unbalanced design of the study. Movement rates and depth analyses were 
conducted using only data collected during autumn tracking events, as locations of Walleye 
during winter and spring were infrequent. The gls function in the nlme package (Pinheiro, Bates, 
DebRoy, Sarkar, & R Core Team, 2018) was used to build generalized least squares models with 
a first-order autoregressive (AR1) covariance structure to account for repeated measures. This 
covariance structure was included because within-subject correlations between the repeated 
measurements of depth or movement rate were expected to decrease as time between 
measurements increased. Individual fish were treated as subjects with time since stocking 
specified as the repeated factor. All statisical analyses were conducted using Program R version 
3.5.2 (R Core Team, 2018) and were considered significant at α = 0.05. Post-hoc analyses were 
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conducted using the emmeans package (Lenth, 2019) to compare estimated marginal means and 
were adjusted for multiple comparisons using the Tukey method. 
Minimum convex polygon (MCP) methods were used to estimate Walleye home range 
size. Walleye locations were plotted in ArcGIS and 90% MCP home ranges were generated 
using the Home Range Tools for ArcGIS 10 extension (version 2.0.20; Rodgers, Kie, Wright, 
Beyer, & Carr, 2015). The 90% MCP was used because it removes outliers that can lead to 
overestimation of home range size (White & Garrott, 1990). Home ranges were only estimated 
for Walleye that were located a minimum of five times during the study. Although a large 
number of locations is recommended for home range estimation, the number of potential 
locations for any given fish was limited by the tracking interval and short tracking period before 
ice-up. Therefore, estimates of home range may not be directly comparable to other studies, but 
provided comparison of space used by wild and stocked Walleye in this study. A two-way 
analysis of variance (ANOVA) was used to test differences in home range size between groups, 
lake-years, and their interaction. Significance was determined at α=0.05. 
Proportional use of different substrates and CWH complexities was calculated based on 
individual fish location data. These proportions were related to habitat availability data to 
determine whether selection for specific habitat types was occurring using Manly’s selection 
ratios for habitat selection design (Manly, McDonald, Thomas, McDonald & Erickson, 2002). 
Selection ratio analyses were conducted using the widesI function in package adehabitatHS 
(Calenge, 2006). A chi-square test was used to determine if groups were using habitat types in 
proportion to availability. If the null hypothesis of use proportional to availability was rejected, 
selection of specific substrates or CWH complexities was inferred (Manly et al., 2002). Global 
selection ratios (𝑊𝑖) were calculated to determine which habitat variables were being selected for 
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or against ( > 1 indicates selection; < 1 indicates avoidance; = 1 indicates no selection; = 0 
indicates no location data for a given habitat). Significant habitat selection was inferred at α = 
0.0167 for substrate categories (n=3) and α = 0.01 for CWH complexities (n=5) after Bonferroni 
correction for multiple tests. 
Weekly apparent survival (Φ) and detection probabilities (p) of wild and stocked radio-
tagged Walleye were estimated using daily live encounter histories. Individual encounter 
histories were analysed in Program MARK (White & Burnham, 1999) using the live capture 
Cormack-Jolly-Seber (CJS) open population model (Cormack, 1964; Jolly, 1965; Seber, 1965) to 
generate maximum-likelihood estimates of apparent survival (Φj: conditional probability of 
surviving interval j given the individual is alive and available for recapture, hereafter referred to 
as survival) and detection probability (pj: conditional probability of recapture in interval j given 
the individual is alive; White & Burnham, 1999). In this model, 1– Φ represents animals that 
have died or emigrated from the population. No emigration of radio-tagged Walleye from either 
lake was observed; therefore, emigration was defined here as Walleye permanently moving to 
areas in the lake where they could not be detected (e.g. permanent use of deep water) or tags 
being moved to undetectable areas outside the lake by avian or terrestrial predators. CJS models 
assume that tagged individuals are representative of the population, number of individuals tagged 
is known, tagging does not affect survival, releases and recaptures are made within brief time 
periods relative to the time between tagging, recapture does not affect subsequent survival or 
recapture, fates of individuals within and among cohorts are independent, and individuals in a 
cohort have the same survival and recapture probability for each time interval (Burnham, 
Anderson, White, Brownie & Pollock, 1987).  
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A set of a priori hypotheses was developed to assess factors that may influence survival 
and detection of Walleye. The set of models included the effect of group (wild or stocked 
Walleye), lake (Big or Brushy), Walleye length at release (mm), a linear trend in time since 
stocking (T), and season (autumn, winter, spring) on survival and detection probabilities. Models 
were also evaluated to determine if survival varied 7, 14, or 30 days since stocking, as we 
hypothesized that stocked Walleye may be more vulnerable to mortality during these times. Due 
to the large number of possible model structures for survival and detection parameters, running 
all model combinations was impractical. Alternatively, a set of models was run for which the 
model complexity within survival (variation among groups, lakes, and days) was used in all 
models, while the effects of lake, year, group and time on detection probability were evaluated. 
After evaluating various model structures for detection probability, the best supported structure 
for detection was held constant when evaluating various model combinations for survival 
(Doherty et al. 2012). Competing hypotheses were stated in model form in Program MARK 
using the logit link function and compared using Akaike’s Information Criterion corrected for 
small sample size (AICc; Burnham & Anderson, 2002), where the model with the lowest AICc 
value was most supported. Akaike weights (Wi) were calculated to address potential uncertainty 
concerning the selection of the top model (Burnham & Anderson, 2002). Markov Chain Monte 
Carlo (MCMC) simulations were run for the most supported model to obtain better error 
estimates for parameters that were poorly estimated. Original maximum likelihood parameter 
estimates from the top model were used as starting values, and the simulation ran 4,000 tuning 
iterations, followed by 1,000 burn-in iterations and 10,000 iterations that were used in the final 
estimates. All results are reported as mean parameter values and 95% credibility intervals from 
the simulations. 
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Results 
Radio Telemetry 
A total of 719 locations were recorded for 83 Walleye (Appendix B) between both lakes 
and years, with an average of eight locations (95% CI: 7 – 9) per individual. The majority of 
these locations were recorded during the autumn (83%), while only a small number of Walleye 
locations occurred during winter (3%) and spring (14%) tracking events. Of the 90 tagged 
Walleye, 73 survived at least the first three weeks post-stocking: one fry Walleye died before the 
first tracking occasion and was censored from analyses, eight Walleye were located after the 
stocking event but went missing during the first two weeks post-stocking (one stocked Walleye 
at Big Creek, two wild and five stocked Walleye at Brushy Creek) and seven Walleye were 
never located after the stocking event (two stocked Walleye at Big Creek, five wild Walleye at 
Brushy Creek). 
Depth Use, Movement, and Home Ranges 
Walleye mean depth differed among days post-stocking (F13,523 = 1.92, P = 0.03), with 
Walleye using deeper water as autumn progressed. Depth also differed among lake-years (F2,523 
= 75.8, P < 0.0001) where Walleye used deeper water in Big Creek during 2017 (mean = 3.48 m, 
SE = 0.16 m) than 2016 (mean = 2.11 m, SE = 0.17 m), as well as used deeper water in Brushy 
Creek (mean = 5.24 m, SE = 0.21 m) compared to Big Creek during both years. However, depth 
was similar between Walleye groups (F1,523 = 0.02, P = 0.90) and the group-day interaction 
(F13,523 = 1.39, P = 0.16; Figure 2). 
Walleye movement rates differed among days (F13,519 = 7.68, P < 0.0001), Walleye 
groups (F1,519 = 4.13, P = 0.04), the group-day interaction (F13,519 = 1.75, P = 0.05), as well as 
lake-years (F2,519 = 39.33, P < 0.0001). Movement rates were similar between groups during the 
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first two weeks post-stocking, after which movement rates declined (Figure 2). Greater 
variability in movement rates was observed for both Walleye groups during the first week post-
stocking than the remainder of the study. 
Between both lakes and years, home ranges were estimated for 72 of 90 Walleye that had 
a minimum of five locations: 27 Walleye in Big Creek 2016, 28 Walleye in Big Creek 2017, and 
17 Walleye in Brushy Creek 2017. Home ranges did not differ among Walleye groups (F1,66 = 
0.47, P = 0.50) or the interaction between group and lake-year (F2,66 = 1.98, P = 0.15; Figure 3). 
Home range size varied among lake-years (F2,66 = 17.28, P < 0.001) with wild and stocked 
Walleye having comparable home ranges in Big Creek during 2016 and 2017, but Walleye 
having significantly smaller home ranges in Brushy Creek than in Big Creek (Figure 3). 
Habitat Selection 
Selection of substrates and CWH complexities varied across groups, lakes and years. Silt-
sand was the dominant substrate type in Big Creek and Brushy Creek (80% and 90%, 
respectively), with smaller proportions of the lake consisting of gravel-cobble (Big Creek = 16% 
and Brushy Creek = 7%) and boulder (Big Creek = 4% and Brushy Creek = 3%). Overall, 
stocked Walleye in Big Creek used substrates in proportion to availability during 2016 (χ2 = 
0.15, df = 2, P = 0.93) and 2017 (χ2 = 4.03, df = 2, P = 0.13). However, there was marginally 
significant avoidance of gravel-cobble substrate (P = 0.019) by stocked Walleye in Big Creek 
during 2017. Wild Walleye in Big Creek exhibited significant habitat selection in 2016 (χ2 = 
20.84, df = 2, P < 0.001), selecting for gravel-cobble (P < 0.001) and avoiding silt-sand (P < 
0.001) substrate (Figure 4). In 2017, Big Creek wild Walleye again showed significant selection 
(χ2 = 6.53, df = 2, P = 0.04), but wild Walleye selected for silt-sand (P = 0.004) and avoided 
gravel-cobble (P = 0.004) substrate. In Brushy Creek, significant habitat selection was 
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determined for both stocked (χ2 = 13.09, df = 2, P = 0.001) and wild (χ2 = 9.46, df = 2, P = 
0.009) Walleye, with both groups selecting for silt-sand (P < 0.001) and avoiding gravel–cobble 
(P < 0.001; Figure 4 ). However, boulder substrate was used in proportion to availability by 
stocked (P = 0.98) and wild (P = 0.78) Walleye. 
Both Big Creek and Brushy Creek were dominated by CWH of low complexity (classes 1 
and 2), which comprised 87% of the CWH sampled within each lake. Approximately 10% of 
sampled CWH at the lakes were of intermediate complexity (class 3), while 2-4% comprised the 
most complex classes (4-5). Of the 719 Walleye locations recorded, 164 (23%) were associated 
with CWH. A greater proportion of wild Walleye locations were associated with CWH relative 
to stocked Walleye in Big Creek in 2016 (wild = 24.2% versus stocked = 12.0%) and Brushy 
Creek in 2017 (wild = 83.3% versus stocked = 51.6%), but use of CWH was lower in Big Creek 
during 2017 and proportions were similar between Walleye groups (wild = 3.8% versus stocked 
= 5.4%). Stocked Walleye in 2016 showed significant habitat selection (χ2 =18.11, df = 4, P = 
0.001), selecting for class 3 CWH (P = 0.01; Figure 5) while using other complexities in 
proportion to their availability whereas wild Walleye showed no selection of CWH complexities 
(χ2 =5.32, df = 4, P = 0.26); neither group was located on class 5 CWH. In 2017, no selection for 
CWH was observed in Big Creek for stocked (χ2 =3.23, df = 4, P = 0.52) or wild (χ2 =5.03, df = 
4, P = 0.28) Walleye (Figure 5). In Brushy Creek, significant selection was not detected for 
either stocked (χ2 =6.75, df = 4, P = 0.15) or wild (χ2 =1.54, df = 4, P = 0.82) Walleye, but 
stocked Walleye showed marginally significant selection (P = 0.02) for class 2 CWH (Figure 5). 
Both groups in Brushy Creek used CWH classes in proportion to their availability and neither 
group was located on complex CWH (Figure 5). 
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Survival 
Two models evaluating variation in Walleye detection probability had ΔAICc < 2, 
signifying other models received little support (Table 1). The highest ranked model indicated that 
Walleye detection probability varied among groups, lakes, years, and followed a linear trend 
through time (Table 1). There was no difference in detection probabilities for wild (β = 0.075; 
95% CI = -0.282 to 0.487) and stocked (β = 0.186; 95% CI = -0.143 to 0.534) Walleye in Big 
Creek in 2016 or in Brushy Creek in 2017 [(wild: β = 0.189; 95% CI = -0.286 to 0.648), (stocked 
β = -0.187; 95% CI = -0.486 to 0.114)]. However, detection probability was greater for wild (β = 
1.131; 95% CI = 0.689 to 1.549) than stocked (β = 0.118; 95% CI = -0.252 to 0.524) Walleye in 
Big Creek in 2017. Detection probabilities in all three lake-years were highest on the day of 
stocking and declined through time (β = -0.026; 95% CI = -0.034 to -0.018; Figure 6). 
 After determining the most supported model structure for detection probability, multiple 
model structures were compared to explain variation in Walleye survival. Four models 
comparing variation in Walleye survival had ΔAICc < 2.1 and Wi > 0.10, indicating various 
levels of support (Table 1) whereas models ranked fifth or greater had considerably greater 
ΔAICc values and smaller Wi values. The most supported model indicated that weekly apparent 
survival varied between wild and stocked Walleye in Big Creek during 2016 and 2017 but was 
similar between Walleye groups in Brushy Creek during 2017. Walleye survival also varied 
among lakes, years, and seasons (Table 1). Weekly survival ranged from 0.948 for wild Walleye 
in Big Creek during spring 2017 to 1.000 for stocked Walleye in Big Creek during 2016 (Figure 
7). Survival was greater for stocked than wild Walleye in Big Creek in 2016 (β = 2.846; 95% CI 
= 0.817 to 4.663) as well as 2017 (β = 1.911; 95% CI = 0.772 to 3.111). Wild Walleye survival 
was greater in Big Creek during 2016 (β = 0.707; 95% CI = -0.518 to 2.108) than in Brushy 
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Creek during 2017. However, survival of wild Walleye in Big Creek during 2017 was lower than 
in Brushy Creek (β = -1.048; 95% CI = -1.915 to -0.134). Stocked Walleye survival was higher 
in Big Creek during 2016 than 2017 (β = -0.458; 95% CI = -1.686 to 0.917) and was higher than 
in Brushy Creek during 2017 (β = -1.602; 95% CI = -2.707 to -0.480). Walleye survival was 
greatest during the winter (β = 2.576; 95% CI = 0.803 to 4.612), followed by autumn (β = 0.54; 
95% CI = -0.523 to 1.597), and spring. There was some support for group differences in apparent 
survival in Brushy Creek (Table 2; model 2) as well as an effect of length at release, where 
apparent survival tended to increase with length at release during autumn (β = 0.0003; 95% CI = 
-0.028 to 0.029; Table 2, model 4) and spring (β = 0.011; 95% CI = -0.027 to 0.050; Table 2, 
model 3), but the slope of these relationships did not differ from zero. Based on survival 
estimates from the top model, cumulative Walleye apparent survival from late October to early 
April was highest in Big Creek for stocked Walleye during 2016 (100%) and 2017 (95%), 
intermediate for wild Walleye in Big Creek during 2016 (92%) and wild and stocked Walleye in 
Brushy Creek during 2017 (85%), and lowest for wild Walleye in Big Creek during 2017 (64%; 
Figure 8). 
Discussion 
Monitoring post-release behavior and survival of stocked fishes can provide important 
insights into potential hatchery habituation and can guide management decisions regarding 
stocking practices, leading to greater stocking success. Comparable behavior was observed 
between wild and stocked fingerling Walleye, with similar depth use, movement rates, home 
range size and use of in-lake habitats between these groups. Differences in survival between 
groups were also detected in Big Creek but not Brushy Creek, with stocked Walleye in Big 
Creek having higher survival rates than wild Walleye. 
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Although behavioral differences were detected between the two study systems, 
differences between stocking groups were less apparent, suggesting habitat variation drives 
differences in behavior more than differences between wild and stocked Walleye. Contrary to the 
hypothesis set, mean movement rate of Walleye one day post-stocking was nearly three times 
greater than wild fish, but movement rates of stocked Walleye were closer to those of wild 
Walleye for the rest of the autumn, suggesting that recently stocked Walleye dispersed quickly 
but then adopted wild-like movement patterns. Movement rates were highest for both groups 
during the first week post-stocking but lower the remainder of the tracking period. Likewise, 
Largemouth Bass Micropterus salmoides (Lacépède) in Chickamauga Lake, Tennessee, USA 
exhibited high rates of dispersal during the first week after being stocked (Hoffman & Bettoli, 
2005) and wild bass in Florida, USA moved less than their hatchery-reared counterparts 
(Thompson et al., 2016). Conversely, juvenile chub Leuciscus cephalus (L.) stocked in River 
Roding, England dispersed slowly after release, but after dispersing had larger linear ranges and 
exhibited greater and more frequent movements than their wild counterparts (Bolland, Cowx & 
Lucas, 2008). Finally, despite high movement of Walleye after stocking, no instances of wild or 
stocked Walleye emigrating from either reservoir was observed in this study. Although adult 
Walleye emigration rates from reservoirs may be high (Weber et al. 2013; Weber and Flammang 
2019), it does not appear that Walleye emigrate from spillway reservoirs during juvenile life 
stages. 
Similar to movement rates, we found no differences in home range size between wild and 
stocked Walleye in Big Creek or Brushy Creek. However, movement rates and home ranges 
were greater in Big Creek during both years than in Brushy Creek. Differences in home range 
sizes and movement rates may reflect differences in habitat complexity between systems. Big 
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Creek is largely devoid of CWH (3 trees/100 m2) and aquatic vegetation compared with Brushy 
Creek (14 trees/100 m2). In systems with low abundances of CWH, juvenile largemouth bass 
chase prey more frequently, have greater movement rates, and larger home ranges compared 
with when CWH is more abundant (Ahrenstorff, Sass, & Helmus, 2009; DeBoom & Wahl, 
2013). Juvenile Walleye may also adjust behavior in response to variation in habitat availability 
among systems to forage successfully while avoiding predators. 
While there was some evidence of Walleye selecting for fine substrates and CWH of 
intermediate complexity, Walleye tended to use habitats proportional to their availability. 
Walleye is a demersal species, preferring clean, hard substrates and CWH (Ryder, 1977; Kerr et 
al., 1997; Raabe & Bozek, 2012). Wild Walleye selected for gravel-cobble substrate and avoided 
silt-sand substrate in Big Creek during 2016, but avoided gravel-cobble substrate and selected for 
silt-sand in 2017. In other reservoirs, adult Walleye selected for silt substrate while also 
preferring areas containing CWH and vegetation (DePhilip, Diana, & Smith, 2005). Similarly, 
wild brown trout Salmo trutta (L.) in two tributaries to the Douro River, Portugal preferred 
coarse substrate and cover while stocked fish did not (Teixeira, Cortes, & Oliveira, 2006). 
Juvenile muskellunge Esox masquinongy (Mitchill) in Illinois, USA reservoirs selected for CWH 
of intermediate complexity throughout the year, while selecting for vegetation and avoiding open 
water during summer and autumn (Wagner & Wahl, 2011; Wagner et al., 2015). Thompson et al. 
(2016) found that wild juvenile largemouth bass in Florida, USA had greater survival and used 
high complexity habitats more often than stocked fish, which may be naïve to predators and lack 
the ability to recognise the importance of cover in predator avoidance. In this study, wild 
Walleye were also more commonly associated with CWH than stocked Walleye in Big Creek 
during 2016 and Brushy Creek during 2017, suggesting that stocked fingerling Walleye may lack 
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understanding of how using complex habitat relates to avoiding predators. Additionally, 
selection of CWH in Big Creek suggests that Walleye may prefer CWH of intermediate 
complexity that may offer piscivores feeding opportunities without limiting foraging efficiency 
(Crowder & Cooper, 1982; Wagner et al., 2015). Therefore, providing additional CWH adjacent 
to stocking locations in systems where it is limited may be a viable strategy for improving 
survival of stocked Walleye. 
Understanding survival of stocked hatchery fishes is critical for determining factors 
affecting recruitment to the adult population. It was hypothesised that stocked Walleye survival 
would be lower than that of wild Walleye due to transportation stress (Ball, Goode, & Weber., 
2020), lack of foraging experience (Olson et al., 2000; Porak et al., 2002; Pouder et al., 2010) 
and predator naivety (Huntingford, 2004; Buckmeier, Betsill, & Schlechte, 2005; Thompson et 
al., 2016). On the contrary, apparent survival estimates for stocked Walleye were higher than for 
wild Walleye in Big Creek across seasons. In Brushy Creek, no difference in survival between 
groups was found, although survival varied across seasons. Stress associated with transportation 
and stocking of hatchery fishes has been related to increased mortality in some situations (Barton 
et al., 2003), but recent evidence in Iowa suggests that transportation duration may have little 
effect on short-term stocking survival of fingerling Walleye (Ball, Goode, & Weber, 2020). 
Similarly, the present results indicate that fingerling Walleye experience high survival following 
stocking, suggesting that transportation mortality was likely minimal in this instance. 
Only one confirmed mortality occurred during this study, a 253-mm wild Walleye that 
died prior to the first tracking occasion. However, the fate of several Walleye could not be 
determined. Predation is often cited as a primary source of mortality for juvenile Walleye and is 
typically highest within 30 days post-stocking (Santucci & Wahl, 1993; Thompson et al., 2016). 
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However, in Illinois, USA reservoirs, only 4% of Walleye mortality was attributed to largemouth 
bass predation, with the majority occurring within one day of stocking (Freedman, Hoxmeier, 
Einfalt, Brooks & Wahl, 2012). Mortality was also highest immediately after stocking but that 
mortality quickly declined through ice-up. Big Creek and Brushy Creek contain moderate to high 
abundance Largemouth Bass populations (spring electrofishing catch per unit effort 18.5-19.2 
fish >330 mm/hr) that may have predated on the stocked fish. However, stocked Walleye >200 
mm are rarely consumed by predators (M. Weber, unpublished data) and stocked fingerling 
Walleye in this study were large (mean = 246 mm) compared with previous studies (e.g. 
Santucci & Wahl, 1993; Brooks et al., 2002; Hoxmeier et al., 2006; Kampa & Hatzenbeler, 
2009), which should lead to lower overall rates of predation (Diana & Wahl, 2009). Some 
evidence was also found suggesting that increased Walleye size at stocking leads to increased 
survival, potentially due to reduced predation risk or increased forage options and energy 
reserves (Werner & Gilliam, 1984; Rice et al., 1987; Miller et al., 1988). Thus, propagation 
practices that maximise Walleye growth may further improve survival, even of large fingerlings. 
Although detection of radio tags is typically high, it varies depending on environmental 
conditions, with detection becoming more difficult at greater depths and higher conductivity. In 
our study, Walleye detection probability declined as time since stocking increased and Walleye 
used deeper depths, which may have biased depth data shallower than actual depths being used 
by Walleye. This bias may be an issue when comparing depth use reported here across other 
studies, however, the objective was to compare behavior between wild and stocked wallye, and 
no evidence was found suggesting that groups used depths differently. Similarly, decreasing 
detections as time progressed led to unknown fates for several fish in the study. To account for 
imperfect detection, CJS models with telemetry encounter histories were used to estimate 
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detection probabilities that result in accurate apparent survival estimates (White & Burnham, 
1999). However, apparent survival differs from true survival as it includes both emigration and 
mortality. In this study, emigration refers to fish leaving the area where detection with radio 
telemetry was possible, which could result from Walleye moving to deeper water or from various 
sources of predation. For instance, Walleye may have emigrated from the detectable study area 
due to avian or terrestrial predation, but tracking of areas around both lakes resulted in no 
detections of missing tags, suggesting instead that missing Walleye may have moved to deep 
water, piscivores may have expelled consumed tags in deep water, or that tag failure may have 
occurred. Walleye using deep water intermittently would have reduced detection probability but 
would have not resulted in biased apparent survival estimates. Conversely, permanent emigration 
of Walleye from detectable areas would lead to missing fish being treated as mortalities in the 
model, accurately estimating survival if emigration was due to predation or biasing survival 
estimates low if Walleye were still alive. High apparent survival for all Walleye groups was 
observed, suggesting that imperfect detection and potential emigration of live Walleye from the 
detectable area was not likely a concern for survival estimation. 
Cumulatively, the results provide greater understanding of the post-release behavior and 
survival of stocked fingerling Walleye and suggest that behavior and survival in natural systems 
is similar to their wild counterparts. The lack of hatchery habituation observed in this study 
compared with other evaluations of stocked fishes (e.g., Porak et al., 2002; Pouder et al., 2010; 
Thompson et al., 2016) may be due to Walleye in Iowa being produced from wild versus captive 
broodstock, as captive breeding can lead to changes in behavior (Berejikian, Mathews, & Quinn, 
1996), as well as genetic divergence of hatchery raised and wild type fishes (Petersson, Jarvi, 
Steffner, & Ragnarsson, 1996). When hatchery habituation occurs, enhancing hatchery rearing 
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environments including complex habitat, live prey, and exposure to predators can enhance 
foraging success and reduce predation of stocked fishes, resulting in improved post-stocking 
survival (Wahl, Einfalt, & Hooe, 1995; Brown, Davidson, & Laland, 2003; Maynard et al., 
2005). However, the high survival estimates and lack of behavioral differences observed between 
wild and stocked Walleye in this study suggest that domestication is not an issue for stocked 
Walleye. Therefore, stocking hatchery-reared fingerling Walleye appears to be a practical and 
useful option for supplementing reservoir Walleye recruitment. 
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Tables 
Table 1. Akaike’s Information Criterion (AICc), ΔAICc (difference in AICc values between the best model and other models), AICc 
weight (Wi), number of parameters (K), and deviance of Cormack-Jolly-Seber models used to estimate apparent weekly survival 
(Φ) and detection probability (p) of age-0 Walleye stocked in Big Creek and Brushy Creek, Iowa, during fall 2016 and 2017. 
Effects included variation among groups (G; wild versus stocked fingerling Walleye), lakes (Lk), years (Yr), seasons (Sn; fall, 
winter, spring), time (t), a trend in time after stocking (T), and length at release (mm).  
Model AICc ∆AICc Wi 
Model 
Likelihood 
K Deviance 
Survival (Φ)       
    Φ(G(Big16,17)+Lk+Yr+Sn) p(G+Lk+Yr+T) 6463.84 0.00 0.33 1.00 14 6435.26 
    Φ(G+Lk+Yr+Sn) p(G+Lk+Yr+T) 6464.86 1.02 0.20 0.60 15 6434.20 
    Φ(G(Big16,17)+Lk+Yr+Sn(mm+Spring)) p(G+Lk+Yr+T) 6465.59 1.75 0.14 0.42 15 6434.92 
    Φ(G(Big16,17)+Lk+Yr+Sn(mm+Fall)) p(G+Lk+Yr+T) 6465.93 2.08 0.12 0.35 15 6435.26 
    Φ(G+Lk+Yr+Sn) p(G+Lk+Yr+T) 6466.95 3.11 0.07 0.21 16 6434.20 
    Φ(G+Lk+Yr+Fall vs Winter&Spring) p(G+Lk+Yr+T) 6469.49 5.65 0.02 0.06 14 6440.91 
    Φ(G(Stocked+30d T)+Lk+Yr) p(G+Lk+Yr+T) 6469.96 6.12 0.02 0.05 14 6441.38 
    Φ(G(Stocked+14d T)+Lk+Yr) p(G+Lk+Yr+T) 6470.04 6.20 0.02 0.05 14 6441.46 
    Φ(G(Big17,Brushy17)+Lk+Yr+Sn) p(G+Lk+Yr+T) 6470.05 6.20 0.01 0.05 14 6441.47 
    Φ(G+Lk+Yr) p(G+Lk+Yr+T) 6470.61 6.77 0.01 0.03 13 6444.11 
    Φ(G+Yr+Sn) p(G+Lk+Yr+T) 6470.99 7.14 0.01 0.03 13 6444.48 
    Φ(G(Stocked+30d T+mm)+Lk+Yr) p(G+Lk+Yr+T) 6471.72 7.87 0.01 0.02 15 6441.05 
    Φ(G(Stocked+7d T)+Lk+Yr) p(G+Lk+Yr+T) 6471.73 7.89 0.01 0.02 14 6443.15 
    Φ(G(Stocked+30d T+Winter_mm)+Lk+Yr) p(G+Lk+Yr+T) 6471.85 8.00 0.01 0.02 15 6441.18 
    Φ(G+Lk+Yr+T) p(G+Lk+Yr+T) 6471.87 8.02 0.01 0.02 14 6443.29 
    Φ(G+Lk+Yr+14d T) p(G+Lk+Yr+T) 6472.33 8.49 0.00 0.01 14 6443.75 
    Φ(G+Lk+Yr+mm) p(G+Lk+Yr+T) 6472.55 8.71 0.00 0.01 14 6443.97 
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Table 1 (continued)       
Model AICc ∆AICc Wi 
Model 
Likelihood 
K Deviance 
    Φ(G+Yr+Sn) p(G+Lk+Yr+T) 6473.06 9.22 0.00 0.01 14 6444.48 
    Φ(G(Big16,Brushy17)+Lk+Yr+Sn) p(G+Lk+Yr+T) 6473.85 10.01 0.00 0.01 14 6445.27 
    Φ(G+Lk+Sn) p(G+Lk+Yr+T) 6474.47 10.62 0.00 0.00 13 6447.96 
    Φ(G(Big16,17)+Lk+Yr+Sn(Spring*mm)) p(G+Lk+Yr+T) 6475.48 11.64 0.00 0.00 21 6432.19 
    Φ(Yr+Sn) p(G+Lk+Yr+T) 6475.69 11.85 0.00 0.00 11 6453.33 
    Φ(G+Yr+T) p(G+Lk+Yr+T) 6475.90 12.06 0.00 0.00 11 6453.54 
    Φ(G+Lk+Sn) p(G+Lk+Yr+T) 6476.54 12.70 0.00 0.00 14 6447.96 
    Φ(Yr+Sn) p(G+Lk+Yr+T) 6477.76 13.92 0.00 0.00 12 6453.33 
Detection (p)       
    Φ(G*Lk*Yr*t) p(G+Lk+Yr+T) 7547.40 0.00 0.00 0.00 323 6397.06 
    Φ(G*Lk*Yr*t) p(Lk+Yr+T) 7548.75 1.35 0.00 0.00 322 6404.72 
    Φ(G*Lk*Yr*t) p(Lk+T) 7549.62 2.22 0.00 0.00 321 6411.88 
    Φ(G*Lk*Yr*t) p(Yr+T) 7549.79 2.39 0.00 0.00 321 6412.05 
    Φ(G*Lk*Yr*t) p(G+T) 7549.96 2.56 0.00 0.00 321 6412.22 
    Φ(G*Lk*Yr*t) p(T) 7550.36 2.96 0.00 0.00 320 6418.87 
    Φ(G*Lk*Yr*t) p(G+Yr+T) 7550.53 3.13 0.00 0.00 322 6406.50 
    Φ(G*Lk*Yr*t) p(G+Lk) 7552.13 4.73 0.00 0.00 321 6414.39 
    Φ(G*Lk*Yr*t) p(G+Lk+T) 7552.97 5.57 0.00 0.00 322 6408.94 
    Φ(G*Lk*Yr*t) p(G+Lk+Yr) 7578.18 30.78 0.00 0.00 322 6434.16 
    Φ(G*Lk*Yr*t) p(G+Yr) 7580.24 32.84 0.00 0.00 321 6442.50 
    Φ(G*Lk*Yr*t) p(G) 7582.02 34.62 0.00 0.00 320 6450.54 
    Φ(G*Lk*Yr*t) p(Lk+Yr) 7588.69 41.29 0.00 0.00 321 6450.95 
    Φ(G*Lk*Yr*t) p(Yr) 7589.29 41.89 0.00 0.00 320 6457.80 
    Φ(G*Lk*Yr*t) p(.) 7595.48 48.08 0.00 0.00 319 6470.23 
    Φ(G*Lk*Yr*t) p(Lk) 7601.73 54.33 0.00 0.00 320 6470.25 
    Φ(G*Lk*Yr*t) p(G*Lk*Yr*t) 8586.01 1038.61 0.00 0.00 467 6039.05 
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Figures 
 
Figure 1. Location and outlines of Brushy Creek Lake (Webster County, IA; left) and Big Creek Lake (Polk County, IA, right). 
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Figure 2. Wild (grey) and stocked (open) Walleye depth (top) and mean minimum daily movement rates (bottom) in relation to days 
since stocking. Error bars denote 95% confidence intervals, while letters within a panel indicate significant differences among 
stocking groups (bottom panel) and days (top and bottom panels). 
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Figure 3. Home range size (90% MCP ± 95% CI) for wild (grey) and stocked (open) Walleye in Big Creek and Brushy Creek, Iowa, 
USA, during 2016 and 2017. 
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Figure 4. Type I selection ratio intervals (𝑊𝑖) for substrate types based on radio-tagged Walleye 
locations. Selection ratios > 1 indicate selection; values < 1 indicate avoidance; values = 1 
indicate no selection. 
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Figure 5. Type I selection ratio intervals (𝑊𝑖) for CWH complexities based on radio-tagged 
Walleye locations. Selection ratios > 1 indicate selection; values < 1 indicate avoidance; values = 
1 indicate no selection. 
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Figure 6. Detection probabilities for wild (solid line) and stocked (dotted line) Walleye as a 
function of days since stocking in Big Creek and Brushy Creek in 2016 and 2017.
 
 
5
4 
 
Figure 7. Weekly apparent survival estimates (± 95% CI) for wild (grey) and stocked (open) Walleye during fall, winter, and spring in 
Big Creek and Brushy Creek, Iowa, USA, in 2016 and 2017. 
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Figure 8. Predicted survival of 1,000 wild and stocked age-0 Walleye as a function of days since stocking (beginning end of 
October) based on apparent survival estimates in Big Creek and Brushy Creek from 2016 and 2017.
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CHAPTER 3.    YEARLING MUSKELLUNGE POST-STOCKING BEHAVIOR AND 
SURVIVAL IN TWO CENTRAL IOWA RESERVOIRS WITH CONTRASTING 
HABITAT AVAILABILITY 
Modified from a manuscript under review in North American Journal of Fisheries 
Management 
Robert E. Weber III1 and Michael J. Weber1 
Co-authors contributed to the data collection and preparation of this manuscript 
Abstract 
Muskellunge Esox masquinongy is a prized sport fish throughout much of North 
America. Due to its popularity among anglers and limited natural recruitment in reservoirs, 
Muskellunge are commonly stocked to maintain populations. Yet, little is known about post-
stocking behavior and survival in reservoirs. We used radio telemetry to evaluate behavior and 
survival of spring-stocked yearling Muskellunge in two Iowa reservoirs that differed in habitat 
availability (Big Creek = limited habitat, Brushy Creek = abundant habitat). Hatchery-reared 
Muskellunge were implanted with radio transmitters (n=15-16 per lake/year; 61 fish total), 
stocked in both lakes during May 2017 and 2018, tracked daily for one week, every other day for 
the second week, and then weekly until December. Telemetry data were used to evaluate depth 
and vegetation use, selection of littoral substrate and coarse woody habitat (CWH) complexities, 
movement, home ranges, and survival. Muskellunge depth use generally increased with time 
post-stocking and was greater in Brushy Creek than Big Creek. Movement rates were greatest 
during the first week post-stocking and declined thereafter, with greater rates and home ranges in 
Big Creek. Muskellunge in both systems selected for fine substrates while avoiding coarse 
substrates. Brushy Creek Muskellunge were more commonly associated with CWH and aquatic 
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vegetation compared to Big Creek. Muskellunge in Big Creek selected for complex CWH while 
those in Brushy Creek used CWH classes in proportion to their availability. Cormack-Jolly-
Seber daily apparent survival estimates were lowest for the first four days post-stocking and 
ranged from 0.59 to 0.99, after which survival increased from May to September before 
declining in October and November. Results of this study provide greater understanding of post-
stocking success of yearling Muskellunge and suggest Muskellunge behavior and survival is 
dependent on habitat complexity, with weaker habitat selection but higher survival in complex 
systems. 
1Iowa State University, Department of Natural Resource Ecology and Management,  
Ames, IA 50011, USA 
Introduction 
Muskellunge Esox masquinongy is the largest esocid and a prized sport fish throughout 
much of North America. By the early 1900s, large declines in native Muskellunge populations 
had occurred due to overexploitation and loss of quality nursery and spawning habitat (Dombeck 
et al. 1984; Farrell et al. 2007; Kapuscinski et al. 2007). Today, Muskellunge are popular among 
many anglers due to their large size and angling difficulty (Casselman et al. 1999; Farrell et al. 
2007). For example, a 2012 report estimated 25% of Wisconsin anglers targeted Muskellunge, 
representing approximately 5.3 million angler–days and $425 million in annual expenditures 
(Simonson 2012). Consequently, many agencies currently stock Muskellunge within and outside 
their native range to maintain, enhance, and expand populations and meet angler demand (Kerr 
2011).  
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Post-stocking mortality of hatchery-reared fishes can inhibit the establishment of 
populations and is a common concern among fisheries managers. Stocked esocid mortality can 
be high but variable among years and systems (Hanson and Margenau 1992; Szendrey and Wahl 
1995; Szendrey and Wahl 1996; Warren 2013; Owensby et al. 2017) and depends on stocking 
size (Wahl and Stein 1993; Szendrey and Wahl 1996; McKeown et al. 1999; Wagner et al. 
2017), time of stocking (Margenau 1992; Farrell and Werner 1999; Larscheid et al. 1999), 
availability and use of specific habitats (Hanson and Margenau 1992; Wagner et al. 2015), post-
stocking dispersal and movement (Hanson and Margenau 1992; Warren 2013), and abundance of 
predators (Wahl and Stein 1989; Margenau 1992). For instance, Muskellunge stocked in Illinois 
reservoirs had low survival, with the majority of mortalities occurring within two weeks of 
stocking, and Muskellunge of smaller size experienced higher mortality (Szendrey and Wahl 
1995, 1996). Hanson and Margenau (1992) found 34-day post-stocking survival of radio-tagged 
age-0 Muskellunge ranged from 43% to 85% in two Wisconsin lakes and suggested that higher 
survival may be related to availability of abundant vegetation. More recently, low survival of 
age-0 Muskellunge was observed on the Collins River, Tennessee, with nearly 80% mortality 56 
days post-stocking (Warren 2013). Similarly, juvenile Muskellunge survival in the New River 
and French Broad River, North Carolina ranged from 4-56% three months after stocking 
(Owensby et al. 2017). Cumulatively, these studies suggest that stocked Muskellunge survival 
varies greatly among systems, likely due to a suite of biological and environmental factors. 
Understanding the behavior and habitat use of stocked fishes may provide insight into 
factors influencing survival and recruitment. Lack of preferred habitat for juvenile Muskellunge 
in stocked systems can lead to increased movement, which has been related to increased 
mortality (Hanson and Margenau 1992; Bettinger and Bettoli 2002; Warren 2013). Juvenile 
59 
 
Muskellunge typically use shallow water habitats (Farrell and Werner 1999; Murry and Farrell 
2007; Owensby et al. 2017) and a lack of coarse woody habitat (hereafter CWH) and vegetation 
in these areas may lead to increased predation by Largemouth Bass Micropterus salmoides 
(Wahl and Stein 1989; Szendrey and Wahl 1995; Wahl et al. 2012), Great Blue Heron Ardea 
herodias, and River Otter Lontra canadensis (Margenau 1993; Warren 2013). Because juvenile 
Muskellunge mortality is thought to be highest shortly after release (Margenau 1992), data 
regarding post-stocking behavior could provide insights into factors influencing survival that 
could be used to improve stocking success. 
Radio telemetry is a valuable method for studying behavior and survival of fishes, 
particularly species that exist in low densities and are difficult to sample effectively (Szendrey 
and Wahl 1995; Kapuscinski et al. 2012). Therefore, we conducted radio telemetry of stocked 
yearling Muskellunge (hereafter referred to as ‘Muskellunge’) in two central Iowa reservoirs 
with contrasting habitat availability to evaluate movement rates, home ranges, habitat use, and 
survival. We hypothesized that Muskellunge would have lower movement, smaller home ranges, 
and exhibit weaker selection for complex CWH in more habitat-complex systems due to 
abundant CWH and vegetation. We also hypothesized that Muskellunge would use shallow 
littoral areas with fine substrates in both lakes, but that depths used would increase with time 
post-stocking as fish dispersed from stocking locations and water temperatures increased. 
Finally, we hypothesized that Muskellunge survival would increase with stocking size and as 
time post-stocking increased, as smaller fish may be more susceptible to predation, particularly 
shortly after release. 
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Methods 
Study Area 
Big Creek Lake is a 357-ha reservoir in Polk County, Iowa (Figure 1). Construction 
began in 1969 as part of a flood control program, and the reservoir filled in 1972. Big Creek has 
a large watershed (~20,000 ha) consisting mostly of agricultural land, mean depth of 5.9 m, 
maximum depth of 16.3 m, and is generally devoid of CWH. However, Iowa Department of 
Natural Resources (DNR) installed fish habitat consisting of more than 45 brush piles throughout 
the lake between 2007 and 2010. Big Creek contains American Pondweed Potamogeton 
nodosus, Coontail Ceratophyllum demersum, Sago Pondweed Potamogeton pectinatus, and non–
native Curly–leaf Pondweed Potamogeton crispus. The primary prey for piscivores in Big Creek 
is Gizzard Shad Dorosoma cepedianum. 
Brushy Creek Lake is a 280-ha reservoir in Webster County, Iowa, about 65 km north of 
Big Creek (Figure 1). Constructed in 1998, Brushy Creek has a watershed comparable to Big 
Creek in size (~21,000 ha) and land use. Brushy Creek has a mean depth of 8.8 m, a maximum 
depth of 22.9 m, and contains a significant amount of CWH lake-wide. Aquatic vegetation 
present includes American Pondweed, Coontail, Duckweed Lemna minor, Sago Pondweed, 
Southern Naiad Najas guadalupensis, Watermeal Wolffia spp., Two–leaf Watermilfoil 
Myriophyllum heterophyllum, and Water Stargrass Heteranthera dubia. In addition, there are two 
non–native species, Brittle Naiad Najas minor and Curly–leaf Pondweed. In contrast to Big 
Creek, Gizzard Shad are not present in Brushy Creek; instead, centrarchids (Bluegill Lepomis 
macrochirus, Black Crappie Pomoxis nigromaculatus) and Yellow Perch Perca flavescens are 
the primary prey for Muskellunge. 
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Muskellunge Stocking 
The Iowa DNR Muskellunge stocking program began in 1960 with fingerling stockings 
in two natural lakes and has since expanded to nine impoundments and four natural lakes across 
Iowa. During early April, broodstock Muskellunge are collected from stocked lakes to obtain 
eggs and, after hatching and absorbing their yolk sac, larvae are moved to hatchery raceways at 
Spirit Lake Hatchery. Muskellunge are raised on dry feed until reaching lengths of ~100 mm, 
after which they are converted to a diet of Fathead Minnows Pimephales promelas and grown 
out to ~280 mm in October. Fingerling Muskellunge are then transported to Rathbun Fish 
Hatchery where they are held in lined hatchery ponds and fed Fathead Minnows until spring 
stocking. In May, Big Creek and Brushy Creek are stocked with yearling Muskellunge at a 
density of 0.15 fish/ha (K. Hawkins, Iowa DNR, personal communication). 
Transmitter Implantation 
Muskellunge (n=15-16 per lake/year, mean TL = 319 mm [SD = 25 mm]; Appendix C) 
were implanted with radio tags (ATS, Isanti, Minnesota; F1560, 2.5 g in water, 244 d battery life, 
0.7%-2.1% body weight) at Rathbun Fish Hatchery (Moravia, Iowa) prior to stocking. Prior to 
each surgery, transmitters and surgical tools were disinfected in 4% chlorhexidine scrub and 
rinsed with distilled water (Burger et al. 1994; Harms 2005). Electroanesthesia (Maxtens 1000 
TENS Unit) via pulsed direct current was used to immobilize fish during transmitter 
implantation (Vandergoot et al. 2011). Implanted fish were measured (TL, mm) and weighed (g) 
before being placed ventral side up into a wooden V-shaped tray with four mounted electrodes 
(Appendix A). Electrical intensity was increased until fish were immobilized, after which iodine 
ointment was applied along the linea alba. An initial incision was made anterior to the pelvic 
girdle (Schramm and Black 1984; Clapp et al. 1990) using a scalpel, after which iris scissors 
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were used to enlarge the incision until transmitters could be inserted into the body cavity (Hart 
and Summerfelt 1975). Following implantation, a 16-gauge hypodermic needle was used to 
create an exit hole anterior to the anus for the transmitter whip antenna. Size 4/0 Maxon sutures 
(Medtronic, Inc.; Dublin, Ireland) were used to close incisions with an interrupted cruciate 
suture, after which fish were returned to the raceway to recover. Implanted Muskellunge were 
allowed 12 days to recover, during which no mortality occurred, before being transported and 
stocked at a single boat ramp on the north side of each system in early afternoon (Figure 1). 
Radio Telemetry 
Telemetry began on the day of stocking and was continued daily for one week. During 
the second week post-stocking, telemetry was conducted every other day, after which tracking 
was conducted weekly until lakes were ice covered. Muskellunge tracking ceased at ice-up in 
early December, approximately 200 days post-stocking. Active tracking was conducted using an 
ATS model R4000 receiver connected to a 3–element folding Yagi antenna. During tracking, the 
receiver was set to scan at maximum volume and gain, and the perimeter of the lake and adjacent 
terrestrial area were slowly searched until a fish was detected. After detection, fish were 
approached, and the gain was slowly reduced until the signal was barely noticeable. When the 
receiver gain was at the lowest achievable setting and the signal strength was equal in all 
directions, fish location was recorded in Universal Transverse Mercator (UTM) coordinates (Guy 
et al. 1994). When a given fish exhibited no movement over three or more consecutive tracking 
occasions, attempts were made to force movement. If no movement occurred, it was considered a 
mortality, and data were reviewed to determine its last live location (Wagner and Wahl 2011). 
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Habitat Data Collection 
For each Muskellunge location, water depth (m) was recorded. Additionally, if 
Muskellunge were located in the littoral zone (land-water interface to 3 m depth contour), 
submerged aquatic vegetation (hereafter SAV), CWH complexity, and substrate type were 
measured. SAV was sampled using established rake sampling methods adapted from Yin et al. 
(2000). Four rake samples were taken per fish location: one from each corner on the front of the 
boat and one from each side, starting with the port side and moving clockwise (Appendix A). 
Individual vegetation species were identified and recorded, while the total amount of vegetation 
on the rake head corresponded to an index value of 0 to 5 based on the percentage of rake teeth 
filled (Yin et al. 2000). An empty rake received a value of zero, 1-20% rake coverage received a 
1, 21-40% coverage a 2, 41-60% coverage a 3, 61-80% coverage a 4, and 81-100% rake 
coverage received a 5. CWH complexity was estimated visually and ranked using a scale from 1 
(least complex) to 5 (most complex) depending on the presence of bark, branches, and twigs as 
well as the state of decay (Mallory et al. 2000; Wagner et al. 2015). Substrate was identified 
visually or by prodding with a metal pole and classified using a modified Wentworth scale 
(Cummins 1962; Bain and Stevenson 1999). Due to difficulties distinguishing between substrate 
classes and their common co-occurrence, all substrates were grouped as fine (silt and sand), 
coarse (gravel and cobble), or boulder substrates for selection analyses (Killourhy et al. 2016).  
Availability of CWH complexities and substrate types in the littoral zone of each 
reservoir were evaluated using transect sampling. Using ArcGIS (ESRI Inc., Redlands, CA, 
USA), 100 equally spaced 5 m wide transects were selected along the perimeter of each lake. 
Depth, substrate, and CWH complexity were measured along each transect at 1 m intervals 
starting at the lake-water interface and moving perpendicular to the shoreline until reaching the 
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end of the littoral zone. Total counts of wood within different CWH complexity classes as well 
as substrate types were used to determine the proportions of each habitat category available. 
These proportions were extrapolated to determine lake-wide availability of littoral CWH and 
substrates. Similarly, counts of CWH were divided by the total area sampled to determine 
densities of CWH in the littoral zone of each system. 
Depth Use, Movement, Vegetation, and Home Range Analysis 
Generalized least squares models (‘gls’ function in ‘nlme’ package; Pinheiro et al. 2018) 
were used to test for and estimate the effects of days since stocking, lake-year, and their 
interaction on water depth at Muskellunge locations (hereafter depths) and minimum daily 
movement rates (m/day, hereafter movement rates). We included individual fish ID as a repeated 
variable in our models, as implanted Muskellunge were located multiple times across all tracking 
events. We accounted for repeated measures by using a first-order autoregressive (AR1) 
covariance structure, as we expected the within-subject correlations between repeated 
measurements of depth or movement rates to decrease as time between measurements increased 
(Zuur et al. 2009). Muskellunge minimum daily movement rates were calculated as the minimum 
in-water distance between two consecutive locations divided by days between locations, and 
depth and movement rates were log-transformed to normalize data. Densities of SAV at 
individual Muskellunge locations were calculated as a mean rake value averaged across the four 
rake samples. Calculated densities were averaged across individual Muskellunge locations within 
a given tracking period, resulting in a mean rake value for each tracking session. Mean rake 
values were compared across days since stocking as well as lake-years and their interaction using 
the aforementioned methodology. We conducted post-hoc analyses using the ‘emmeans’ package 
(Lenth 2019) to compare estimated marginal means adjusted for multiple comparisons using the 
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Tukey method. All statistical analyses were conducted using Program R version 3.5.2 (R Core 
Team 2018) and were considered significant at α = 0.05.  
Minimum convex polygon (MCP) methods were used to estimate home range size of 
stocked Muskellunge. Fish locations were plotted in ArcGIS and 90% MCP home ranges were 
created using the Home Range Tools for ArcGIS 10 extension (version 2.0.20; Rodgers et al. 
2015). The 90% MCP was used because it removes outliers that can significantly influence home 
range estimates (White and Garrot 1990). Home ranges were only estimated for Muskellunge 
with a minimum of 10 locations during the duration of the study. Analysis of variance (ANOVA) 
was used to test differences in Muskellunge home ranges between lakes, with statistical 
significance determined at α=0.05. 
Habitat Selection Analysis 
Proportional use of littoral CWH complexities and substrates were calculated using 
individual fish telemetry data pooled within each lake and were compared to availability data to 
determine whether Muskellunge were selecting for specific habitat types using Manly’s selection 
ratios for design I studies (Manly et al. 2002). Selection analyses were conducted using the 
‘widesI’ function in package ‘adehabitatHS’ (Calenge 2006) and a chi-square test was used to 
determine whether Muskellunge were using habitat types in proportion to availability. Global 
selection ratios (𝑊𝑖) were calculated to determine habitat variables that were selected for or 
against (𝑊𝑖 > 1 indicates selection; 𝑊𝑖 < 1 indicates avoidance; 𝑊𝑖 = 1 indicates no selection; 𝑊𝑖 
= 0 indicates no location data for a given habitat). After Bonferroni correction for multiple tests 
(Bonferroni-corrected p value = 
α
𝑛
 , where α = 0.05 and n = number of tests performed), 
significant habitat selection was inferred at α = 0.01 for CWH complexities (n = 5) and α = 0.02 
for substrate categories (n = 3). 
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Survival Analysis 
Daily apparent survival (Φ) and detection probabilities (p) of radio tagged Muskellunge 
were estimated using live encounter histories. Encounter histories were generated using 
telemetry data and analyzed in Program MARK (White and Burnham 1999) using the live 
capture Cormack-Jolly-Seber (CJS) open population model (Cormack 1964; Jolly 1965; Seber 
1965) to generate maximum-likelihood estimates of apparent survival (Φj: conditional probability 
of surviving interval j given the individual is alive and available for recapture, hereafter referred 
to as survival) and detection probability (pj: conditional probability of recapture in interval j 
given the individual is alive; White and Burnham 1999). In CJS models, 1– Φ represents animals 
that have died or emigrated from the population. During our study, no emigration of radio tagged 
juvenile Muskellunge over the reservoir spillways was observed; therefore, emigration was 
defined here as Muskellunge permanently moving to areas in either lake (e.g., deep depths or 
terrestrial locations away from the lake due to predation events) where they could not be 
detected. CJS models require several assumptions: tagged individuals are representative of the 
population, number of individuals tagged is known, tagging does not affect survival, releases and 
recaptures are made within brief time periods relative to the time between tagging, recapture 
does not affect subsequent survival or recapture, fates of individuals within and among cohorts 
are independent, and individuals in a cohort have the same survival and recapture probability for 
each time interval (Burnham et al. 1987). 
We developed a set of a priori hypotheses to evaluate potential factors influencing 
apparent survival and detection of Muskellunge. This model set included the effect of lake (Big 
Creek and Brushy Creek), month, and season (spring, summer, fall) on apparent survival and 
detection probabilities. We also modelled the effect of length at release (mm), lake water 
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temperature (temp), and difference between hatchery and lake water temperature at stocking 
(∆temp) on apparent survival and detection because larger fish may be less vulnerable to 
predation and more tolerant of stocking and transportation-related stress (Pitman and Gutreuter 
1993) and temperature shock can increase post-stocking mortality (Carmichael et al. 2001). We 
also evaluated models to determine if apparent survival or detection followed a linear trend or 
varied 2, 3, 4, 7, 14, or 30 days post-stocking with constant survival thereafter, as we 
hypothesized that juvenile Muskellunge may be more susceptible to mortality shortly after being 
released. Similarly, detection probabilities may follow a linear trend, as detection is typically 
greatest shortly after stocking and declines as fish disperse. 
Due to the large number of possible model structures for apparent survival and detection 
parameters, running all model combinations was impractical. Instead, we used a hierarchical 
model selection approach (Doherty et al. 2012) and ran a set of models for which full model 
complexity within apparent survival (variation among lakes, years, and months) was used while 
evaluating the effects of lake, year, month, season, and a linear trend on detection probability. 
After determining the most supported detection probability model, the most supported effects on 
detection probability were retained on all models while evaluating covariates for apparent 
survival. Competing hypotheses were stated in model form in Program MARK using the logit 
link function and compared using Akaike’s Information Criterion corrected for small sample size 
(AICc; Burnham and Anderson 2002). Akaike weights (Wi; relative likelihood of a model) were 
calculated to address potential uncertainty concerning the selection of the top model (Burnham 
and Anderson 2002). Markov Chain Monte Carlo (MCMC) simulations were run for the most 
supported model to obtain better error estimates for parameters that were initially estimated 
poorly. Original maximum likelihood parameter estimates from the top model were used as 
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starting values and the simulation ran 4,000 tuning iterations, followed by 1,000 burn-in 
iterations, and 10,000 iterations that were used in the final estimates. Parameter estimates and 
associated standard errors were derived from the mean and standard deviations from the MCMC 
iterations. All results are reported as mean parameter values and 95% credible intervals from the 
simulations. 
Results 
Radio Telemetry 
In total, 61 Muskellunge (268–376 mm) were radio tagged during spring 2017 and 2018, 
resulting in a total of 762 individual locations, with an average of 13 locations (SD = 12.2) per 
individual. The majority of fish locations were recorded during the first month post-stocking 
(56%) when tracking was more frequent. In 2017, there were nine known Muskellunge 
mortalities: five occurred in Big Creek during the first three weeks post-stocking, while four 
occurred in Brushy Creek between 58-128 d post-stocking. Two mortalities at Big Creek were 
attributed to predation: one tag was tracked to a marsh area near the stocking location, while 
another was located ~2 km from its last known location in a Bald Eagle Haliaeetus 
leucocephalus nest near the lake shoreline.  
Stocked Muskellunge experienced high post-stocking mortality in 2018; 3 days post-
stocking, 19 of 31 implanted Muskellunge were known mortalities (11 in Big Creek, 8 in Brushy 
Creek) with 14 tags recovered and several other missing fish presumed dead. At Big Creek, six 
mortalities were attributed to predation: three tags were tracked to a shallow marsh area near the 
stocking location, two were located in a Northern Watersnake Nerodia sipedon, and one was in a 
Great Blue Heron Ardea Herodias. One week post-stocking in 2018, three Muskellunge were 
known to be alive and three were missing in Brushy Creek, whereas no known live Muskellunge 
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were located but five individuals were missing at Big Creek. Due to the limited number of live 
fish locations, data from Big Creek in 2018 were included in survival but not behavior analyses. 
Depth Use, Movement, Vegetation, and Home Ranges 
Muskellunge depth differed among days (F34,547 = 3.22, P < 0.0001), lake-years (F2,547 = 
23.39, P < 0.0001), and their interaction (F68,547 = 1.49, P = 0.009). Depth of location was 
shallower for Muskellunge in Big Creek during 2017 (mean = 1.18 m, SD = 0.96 m) than in 
Brushy Creek during 2017 (mean = 2.25 m, SD = 1.66 m) and 2018 (mean = 1.83 m, SD = 1.42 
m). In general, depths within a given lake-year were similar across tracking occasions, although 
depths increased and became more variable during fall. Similarly, movement rates differed 
among days since stocking (F34,547 = 5.53, P < 0.0001), with the highest rates occurring the first 
week post-stocking, after which rates generally declined. Movement rates also differed among 
lake-years (F2,547 = 42.02, P < 0.0001) where Muskellunge movement in Big Creek during 2017 
(mean = 49.6 m/day, SE = 6.5 m/day) was more than three times higher than their counterparts in 
Brushy Creek during 2017 (mean = 14.9 m/day, SE = 1.1 m/day) and 2018 (mean = 18.6 m/day, 
SE = 2.2 m/day). However, the interaction between days since stocking and lake-year was not 
significant (F68,547 = 1.01, P = 0.45). 
Muskellunge in both systems used SAV throughout the study (Figure 2), although fish 
were more commonly associated with SAV in Brushy Creek (77% of locations) than Big Creek 
(11% of locations). In Big Creek, Coontail and Sago Pondweed were the most common species 
used, while a combination of Curly–leaf Pondweed, Coontail, and Sago Pondweed was typically 
observed in Brushy Creek. SAV rake values at Muskellunge locations significantly differed 
across lake-years (F2,96 = 45.94, P < 0.0001) but not among days since stocking (F1,96 = 2.31, P = 
0.13) or their interaction (F2,96 = 0.45, P = 0.64). Estimated marginal means for rake values at 
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Muskellunge locations were comparable across years within Brushy Creek (2017 mean = 1.78, 
95% CI = 1.52 to 2.05; 2018 mean = 1.61, 95% CI = 1.35 to 1.88; P = 0.65) and greater than at 
Big Creek in 2017 (mean = 0.13, 95% CI = -0.14 to 0.40; P < 0.0001). 
Among the three lake-years, home ranges were estimated for 25 Muskellunge with a 
minimum of 10 locations: eight Muskellunge in Big Creek 2017, 14 Muskellunge in Brushy 
Creek 2017, and three Muskellunge in Brushy Creek 2018. Home ranges did not differ among 
lake-years (F2,22 = 2.3, P = 0.12, Figure 2). Muskellunge in Big Creek during 2017 had large but 
variable home ranges (mean = 35.3 ha, SE = 13.6 ha) relative to Brushy Creek during 2017 
(mean = 12.8 ha, SE = 3.3 ha) and 2018 (mean = 19.5 ha, SE = 2.1 ha). 
Habitat Selection 
Low complexity CWH (classes 1 and 2) dominated both Big Creek and Brushy Creek, 
comprising 88% and 90% of littoral CWH sampled within each lake, respectively. Of the 
remaining CWH, 10% and 7% were intermediate complexity (class 3) while the most complex 
classes (4-5) comprised the remaining 2-3%. Muskellunge locations in Brushy Creek were more 
often associated with CWH (2017 = 40%, 2018 = 45%) than locations in Big Creek (2017 = 
25%). Muskellunge in Big Creek during 2017 displayed significant selection for CWH 
complexities (χ 2 =60.09, df = 4, P < 0.0001), selecting against class 1 (P < 0.0001), using CWH 
classes 2 and 3 in proportion to their availability, and selecting for class 4 (P = 0.003) and 5 (P = 
0.03). Muskellunge in Brushy Creek also selected for CWH complexities in 2017 (χ 2 =28.28, df 
= 4, P < 0.0001) but not 2018 (χ 2 =6.58, df = 4, P = 0.16). In 2017, Brushy Creek Muskellunge 
selected against class 1 CWH (P < 0.0001) and selected for intermediate (class 3) CWH (P = 
0.001) while using other classes in proportion to availability (Figure 3). 
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In both Big Creek and Brushy Creek, silt-sand was the dominant available substrate (80% 
and 90%, respectively), with smaller proportions of gravel-cobble (16% and 7%) and boulder 
(4% and 3%) available. Muskellunge substrate selection was similar among lake-years, with 
significant selection occurring in Big Creek during 2017 (χ 2 = 51.33, df = 2, P < 0.0001) where 
Muskellunge selected for silt-sand (P < 0.0001) and against gravel-cobble (P < 0.0001) as well 
as boulder (P = 0.001). Similarly, significant selection occurred in Brushy Creek in 2017 (χ 2 = 
58.08, df = 2, P < 0.0001) and 2018 (χ 2 = 29.02, df = 2, P < 0.0001), with Muskellunge 
exhibiting positive selection for silt-sand (P < 0.0001) and avoiding gravel-cobble (P < 0.0001) 
and boulder (P < 0.0001) during both years (Figure 3). 
Survival 
We evaluated a total of seven models to estimate detection probability, with the most 
supported model structure indicating that Muskellunge detection varied among lakes, years, and 
followed a linear trend as a function of time since stocking (Table 1). Detection probabilities 
were greater in 2018 than 2017 (β = 0.831; 95% CI = 0.033 to 1.819) and were greater in Brushy 
Creek than Big Creek (β = 0.911; 95% CI = 0.272 to 1.541). In both lakes and years, highest 
detection probabilities occurred on the day of stocking and declined through time (β = -0.058; 
95% CI = -0.088 to -0.027; Figure 4). The second ranked model for detection probably had 
considerably less support (ΔAICc = 2.38 and Wi =0.22) than the top model (Wi =0.72). 
After determining the most supported model structure for estimating detection 
probabilities, we compared 43 models to estimate apparent survival, of which three had ΔAICc < 
2.0 and Wi > 0.15 whereas the fourth ranked model had considerably less support (ΔAICc = 3.94, 
Wi = 0.06). The most supported model indicated that Muskellunge daily apparent survival varied 
between lakes and years, among months, and also included a linear trend and number of known 
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Muskellunge mortalities during the first four days post-stocking. Therefore, our model provided 
daily survival estimates for each of the first four days as well as separate estimates for May, 
June-July, August-September, and October-November periods. Muskellunge apparent survival 
did not differ during the four days post-stocking (β = -0.299; 95% CI = -0.772 to 0.094) but 
varied between lakes and years, ranging from 0.59 on day 3 in Big Creek 2018 to 0.99 on day 1 
in Brushy Creek 2017 (Figure 5). There was some support that survival was greater in 2017 than 
2018; however, the slope of the relationship did not differ from zero (β = 0.487; 95% CI = -0.682 
to 1.789). Muskellunge had greater survival in Brushy Creek than in Big Creek (β = 1.254; 95% 
CI = 0.242 to 2.275). Daily survival was highest during August-September (β = 2.629; 95% CI = 
0.676 to 4.606), followed by June-July (β = 1.456; 95% CI = 0.100 to 2.869), October-November 
(β = 0.546; 95% CI = -0.658 to 1.648), and lowest during May (β = -0.323; 95% CI = -1.492 to 
0.845). Our second and third ranked models indicated some support for a positive effect of 
length at release (second model; β = 0.004; 95% CI = -0.005 to 0.012) and water temperature 
(third model; β = 0.011; 95% CI = -0.032 to 0.053) on Muskellunge apparent survival; however, 
neither slope differed from zero, suggesting that the effect of these variables on survival was 
negligible. Survival estimates from our top model indicated that cumulative Muskellunge 
survival from mid-May to early December (~200 days) was highest in Brushy Creek during 2017 
(42%) followed by Brushy Creek in 2018 (8%), Big Creek in 2017 (4%), and Big Creek during 
2018 (0%; Figure 6). 
Discussion 
Information regarding the behavior and fate of stocked fishes is critical for evaluating 
stocking success, as poor survival can make it difficult to establish or maintain successful 
fisheries. In this study, we evaluated behavior and survival of stocked Muskellunge in reservoirs 
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with contrasting habitat availability. Muskellunge in Big Creek had greater movement rates than 
in Brushy Creek, which may have been due to the low abundance of CWH and SAV in Big 
Creek relative to Brushy Creek. In systems with low CWH abundance, juvenile Largemouth 
Bass chase prey more frequently, resulting in greater movement rates and larger home ranges 
relative to systems with abundant CWH (Ahrenstorff et al. 2009; DeBoom and Wahl 2013). 
Greater movement at Big Creek could have been due to Muskellunge having to seek out 
preferred habitats and locate prey, while fish in Brushy Creek did not have to disperse as far to 
find favorable areas. We did not detect a difference in home range size between lakes; however, 
home ranges in Big Creek were 4 to 6 times more variable compared to Brushy Creek. 
Differences in home range size between lakes may have been due to limited availability of 
complex habitats, as anecdotal evidence suggests that Muskellunge in Big Creek moved less 
after finding complex habitat while individuals not associated with complex habitats maintained 
nomadic behaviors. Variation in movement rates between lakes may have also resulted in 
differences in survival. In our study, survival was lower in Big Creek than Brushy Creek both 
years. Warren (2013) also tracked two cohorts of juvenile Muskellunge and found higher 
mortality for the group with greater dispersal and movement rates. Similarly, increased mortality 
was attributed to greater movement for stocked Brown Trout Salmo trutta in a Danish stream 
(Aarestrup et al. 2005). We observed higher Muskellunge movement rates during the first week 
post-stocking, after which rates declined and apparent survival probabilities increased. Similar to 
our results, radio-tagged Muskellunge stocked in two Wisconsin lakes exhibited greater 
movement during the first two weeks of a 34-day study (Hanson and Margenau 1992). Because 
movement of fishes is often greatest shortly after stocking (Thompson et al. 2016; Weber et al. 
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2020) and greater movement may be related to increased mortality, stocking fish in preferred 
habitats to minimize movement may be useful for improving survival. 
Availability of preferred habitats is an important factor in maximizing survival of stocked 
fishes. Stocked Muskellunge in Big Creek and Brushy Creek used shallow (<3 m) areas 
consisting of fine substrates during both years, with availability and use of CWH and SAV 
varying between systems. Muskellunge selected for fine substrates in both systems during 2017 
and in Brushy Creek during 2018. Other studies have also found that juvenile Muskellunge 
prefer shallow, sandy areas with CWH and SAV as cover (Craig and Black 1986; Hanson and 
Margenau 1992; Crane and Kapuscinski 2017; Owensby et al. 2017). We observed a greater 
proportion of Muskellunge locations at Brushy Creek associated with CWH and SAV relative to 
locations in Big Creek. However, Muskellunge in Big Creek exhibited strong selection for 
complex CWH, while Muskellunge in Brushy Creek generally used complexities in proportion to 
their availability. Big Creek contains limited amounts of littoral CWH (2 trees/100 m2) compared 
to Brushy Creek (9 trees/100 m2) as well as less dense and fewer species of SAV. Similarly, 
mean vegetation rake values were higher at Muskellunge locations in Brushy Creek than at Big 
Creek and anecdotal observations also indicated that SAV was more abundant in Brushy Creek. 
The low quantity of complex habitat in Big Creek may have resulted in stronger selection for 
complex CWH by stocked Muskellunge relative to Brushy Creek, where CWH was nearly five 
times more abundant, providing more habitat options for Muskellunge.  
Our estimates of Muskellunge post-stocking survival are similar to observations from 
other Midwest reservoirs. For instance, a study in the upper Midwest evaluating stocked fall 
fingerling versus spring yearling Muskellunge found overwinter survival ranging from 3-43% for 
fingerlings and 15-27% for yearlings during the summer (Margenau 1992). In three Ohio 
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reservoirs, survival of fall stocked juvenile Muskellunge ranged from 3-9% through their first 
fall (Wahl and Stein 1993). More recent studies in the southeastern United States found variable 
survival of juvenile Muskellunge stocked into lotic systems during fall, with 56-day survival 
estimates ranging from 21% in the Collins River, Tennessee (Warren 2013) to 26-57% in two 
North Carolina rivers (Owensby et al. 2017). In our study, 56-day apparent survival estimates 
ranged from 2-22% in Big Creek and 24-65% in Brushy Creek, although stocking events 
occurred during late spring. Muskellunge are also stocked at a wide range of sizes that can affect 
survival (Wahl and Stein 1993; Szendrey and Wahl 1995, 1996; Wagner et al. 2017). We 
evaluated the effect of length at release on apparent survival estimates, but analysis indicated 
little support that this variable was important in determining post-stocking survival in our study.  
Although fish size may be an important factor determining Muskellunge survival in other 
instances, the lack of support for an effect of length at release on apparent survival probabilities 
in this study may have been due to the large overall size, limited variation in lengths, and limited 
sample size of tagged Muskellunge evaluated here.  
From our observations, two factors were primarily responsible for post-stocking 
mortality. First, predation appeared to be a major factor contributing to the low survival of 
stocked Muskellunge in Big Creek. Of the 31 Muskellunge tagged and released at Big Creek 
during the two-year study, 10 (32.3%) known mortalities were due to avian and terrestrial 
predation, with Bald Eagle, Great Blue Heron, and Northern Watersnake contributing in part to 
Muskellunge mortality. Additionally, four tags were tracked to a shallow marsh near the stocking 
location that is frequented by piscivorous birds; however, tags were only located there once 
shortly after stocking before going undetected thereafter, suggesting they were recently 
consumed by avian predators. Warren (2013) also found that 28% of confirmed juvenile 
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Muskellunge mortalities resulted from predation, primarily by mammals but with 8% due to a 
single Great Blue Heron. Similarly, Great Blue Heron were responsible for at least 10% of 
yearling Muskellunge mortality in Spirit Lake, Iowa (J. Meerbeek, Iowa DNR, unpublished 
data). Great Blue Heron also prey on stocked Brown Trout (Aarestrup et al. 2005) and Rainbow 
Trout Oncorhynchus mykiss, consuming fish up to 390 mm TL and feeding most successfully in 
shallow water (Hodgens et al. 2004). Muskellunge used shallow water throughout our study in 
both systems, which likely made them vulnerable to terrestrial and avian predators. However, 
Muskellunge used CWH and SAV more frequently in Brushy Creek where no predation was 
observed, suggesting that the limited use and lack of complex habitats in Big Creek may lead to 
increased predation. Beyond known mortalities, several tagged Muskellunge went missing at Big 
Creek in 2017 during the first month after stocking, potentially due to avian and terrestrial 
predation that moved tags outside of the detectable range of the lake. However, multiple tracking 
events in terrestrial areas around the lake resulted in no detections of missing radio tags. Another 
possible source of predation in these systems is black bass Micropterus spp. that can prey on 
juvenile Muskellunge (Wahl and Stein 1989; Wahl et al. 2012). Wahl and Stein (1989) found an 
inverse relationship between Largemouth Bass predation and esocid size at stocking, with 
average predation decreasing from 31% at 145 mm to 2% at 205 mm. Similarly, Szendrey and 
Wahl (1996) observed decreasing bass predation with increased size at stocking for Muskellunge 
stocked at 150, 200, and 250 mm. Compared to these studies, fish tagged in our systems were 
large (mean = 319 mm), suggesting that bass predation was likely minimal. 
Second, we suspect that stocking-related stressors were responsible for higher 
Muskellunge mortality observed in 2018. Prior studies have shown variable post-stocking 
mortality of juvenile Muskellunge, with most mortality occurring shortly after stocking (Hanson 
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and Margenau 1992; Wahl and Stein 1993; Szendrey and Wahl 1995; Szendrey and Wahl 1996; 
Farrell and Werner 1999; Warren 2013). This corroborates our field observations, with survival 
lowest shortly after stocking and highly variable between lakes and years. The lowest survival 
estimates were during the first week post-stocking, with estimates increasing through time from 
May through September before declining slightly in October and November. Margenau (1992) 
also found that the lowest survival of stocked fall fingerling Muskellunge occurred during the 
first few months after stocking and that fish were sluggish the day after release, making them 
more susceptible to predation. We also observed lethargic Muskellunge following stocking in 
2018 but not in 2017. These post-stocking behaviors are likely due to a combination of factors 
that determine stocking success, including confinement, handling, and temperature fluctuations 
(Mather and Wahl 1989). Stein et al. (1981) found high mortality (>95%) of Tiger Muskellunge 
in Ohio reservoirs within 40 days post-stocking and 10-30% mortality within the first two days 
attributed to thermal shock and warm water temperature. Wagner et al. (2017) also found 
Muskellunge survival was inversely related to stocking water temperature. During our study, 
lake temperatures at stocking ranged from 15-17°C and were similar to hatchery temperatures, 
suggesting that thermal stress due to temperature shock during stocking was not the primary 
source of mortality. We found no support for the effect of lake water temperature or the 
difference between hatchery and lake water temperature at stocking on Muskellunge apparent 
survival. However, hatchery and lake water temperatures were similar between study systems 
and years, and our limited number of lake-year stocking events restricted the ability for water 
temperature to account for variation in Muskellunge survival. Despite significant differences in 
overall survival between 2017 and 2018, we observed no major differences in post-stocking 
behavior of Brushy Creek Muskellunge. Although behavior metrics were based on a limited 
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number of individuals in 2018, the lack of differences in movement, vegetation use, home range, 
and habitat selection suggest that stressful stocking events may not alter behavior of 
Muskellunge that survive initial post-stocking mortality. 
Cumulatively, our study provides a greater understanding of post-release behavior of 
hatchery-reared yearling Muskellunge and suggests that behavior of stocked Muskellunge may 
be dependent on habitat complexity, with less movement and weaker habitat selection occurring 
in systems with complex habitat. Our results also indicate that post-stocking Muskellunge 
mortality occurs primarily shortly after stocking but is highly variable spatially and temporally, 
with predation representing an important mortality source. Based on these results, managers 
stocking Muskellunge could consider the habitat characteristics of the recipient waterbody, as 
complex habitat in shallow areas near stocking locations may minimize mortality by limiting 
movement and reducing predation. Similarly, systems currently stocked with Muskellunge that 
display low recruitment to the population could be considered for habitat renovations, as lack of 
complex habitat may be limiting stocking success. However, these habitats could be used by 
other piscivores in habitat-limited systems, potentially leading to increased predation and lower 
survival. If habitat additions are infeasible, incorporating multiple release locations away from 
potential predators (e.g., piscivores birds) could lead to increased survival (Trushenski et al. 
2010). Because we observed the greatest mortality during the first week post-stocking, managers 
may also want to consider acclimating Muskellunge prior to stocking to improve survival 
(Jonssonn et al. 1999; Brennan et al. 2006).  
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Tables 
Table 1. Akaike’s Information Criterion (AICc), ΔAICc (difference in AICc values between the best model and other models), 
AICc weight (Wi), number of parameters (K), and deviance of Cormack-Jolly-Seber models used to estimate apparent weekly 
survival (Φ) and detection probability (p) of yearling Muskellunge stocked in Big Creek and Brushy Creek, Iowa during spring 
2017 and 2018. Effects included variation among lakes (L), years (Y), seasons (S; Spring (Spr), Summer (Sum), Fall), and months 
(M; two letter abbreviation) as well as the effects of water temperature (temp), difference in water temperature between hatchery 
and lake at time of stocking (∆temp), length at release (mm), number of known tagged Muskellunge mortalities (#mort), and a 
trend in time after stocking (T) on various combinations of days since stocking (#d). 
Model AICc ∆AICc Wi 
Model 
Likelihood 
K Deviance 
Survival (Φ) 
      
    Φ(L+Y+M(4d T+#mort,My,JnJl,AuSe,OcNv)) p(L+Y+T) 7707.39 0.00 0.42 1.00 12 7682.99 
    Φ(L+Y+M(4d T+#mort+mm,My,JnJl,AuSe,OcNv)) p(L+Y+T) 7708.68 1.29 0.22 0.52 13 7682.22 
    Φ(L+Y+M(4d T+#mort+temp,My,JnJl,AuSe,OcNv)) p(L+Y+T) 7709.22 1.83 0.17 0.40 13 7682.75 
    Φ(L+Y+M(4d T+#mort)) p(L+Y+T) 7711.33 3.94 0.06 0.14 15 7680.72 
    Φ(L+Y+M(4d T+#mort,My,Jn-Se,OcNv)) p(L+Y+T) 7711.47 4.07 0.06 0.13 11 7689.13 
    Φ(L+Y+M(4d+temp+#mort,My,JnJl,AuSe,OcNv)) p(L+Y+T) 7712.34 4.95 0.04 0.08 12 7687.94 
    Φ(L+Y+S(4d T+#mort,Spr,Sum,Fall)) p(L+Y+T) 7713.58 6.19 0.02 0.05 11 7691.24 
    Φ(L+Y+M(4d+#mort,My,JnJl,AuSe,OcNv)) p(L+Y+T) 7716.67 9.28 0.00 0.01 11 7694.33 
    Φ(L+Y+S(3d T+#mort,Spr,Sum,Fall)) p(L+Y+T) 7717.23 9.84 0.00 0.01 11 7694.90 
    Φ(L+Y+M(4d T+∆temp,My,JnJl,AuSe,OcNv)) p(L+Y+T) 7717.68 10.29 0.00 0.01 12 7693.29 
    Φ(L+Y+M(4d T,My,JnJl,AuSe,OcNv)) p(L+Y+T) 7719.39 12.00 0.00 0.00 11 7697.05 
    Φ(L+Y+M(4d T+temp,My,JnJl,AuSe,OcNv)) p(L+Y+T) 7719.86 12.46 0.00 0.00 12 7695.46 
    Φ(L+Y+M(4d+temp,My,JnJl,AuSe,OcNv)) p(L+Y+T) 7720.87 13.48 0.00 0.00 11 7698.53 
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Table 1 (continued)       
Model AICc ∆AICc Wi 
Model 
Likelihood 
K Deviance 
    Φ(L+Y+M(4d T+mm,My,JnJl,AuSe,OcNv)) p(L+Y+T) 7721.12 13.73 0.00 0.00 12 7696.72 
    Φ(L+Y+S(2d T,Spr,Sum,Fall)) p(L+Y+T) 7721.24 13.85 0.00 0.00 10 7700.96 
    Φ(L+Y+S(7d T+#mort,Spr,Sum,Fall)) p(L+Y+T) 7722.03 14.63 0.00 0.00 11 7699.69 
    Φ(L+Y+S(3d T,Spr,Sum,Fall)) p(L+Y+T) 7722.92 15.53 0.00 0.00 10 7702.64 
    Φ(L+Y+M(4d+∆temp,My,JnJl,AuSe,OcNv)) p(L+Y+T) 7724.06 16.66 0.00 0.00 11 7701.72 
    Φ(L+Y+S(4d T,Spr,Sum,Fall)) p(L+Y+T) 7725.65 18.25 0.00 0.00 10 7705.37 
    Φ(L+Y+S(4d,Spr,Sum,Fall)) p(L+Y+T) 7727.09 19.70 0.00 0.00 10 7706.81 
    Φ(L+Y+T) p(L+Y+T) 7727.46 20.07 0.00 0.00 8 7711.28 
    Φ(L+Y+S(7d,Spr,Sum,Fall)) p(L+Y+T) 7730.04 22.64 0.00 0.00 10 7709.76 
    Φ(L+Y+S(3d,Spr,Sum,Fall)) p(L+Y+T) 7730.04 22.65 0.00 0.00 10 7709.76 
    Φ(L+Y+S(Spr vs Sum&Fall)) p(L+Y+T) 7730.37 22.98 0.00 0.00 8 7714.18 
    Φ(L+Y+30d T) p(L+Y+T) 7731.36 23.97 0.00 0.00 8 7715.18 
    Φ(L+Y+S(2d T+#mort,Spr,Sum,Fall)) p(L+Y+T) 7731.66 24.27 0.00 0.00 11 7709.33 
    Φ(L+Y+S(Spr,Sum,Fall)) p(L+Y+T) 7732.12 24.73 0.00 0.00 9 7713.89 
    Φ(L+Y+S(Spr,Sum+mm,Fall)) p(L+Y+T) 7733.30 25.91 0.00 0.00 10 7713.02 
    Φ(L+Y+S(2d+#mort,Spr,Sum,Fall)) p(L+Y+T) 7733.47 26.08 0.00 0.00 10 7713.19 
    Φ(L+Y+S(2d,Spr,Sum,Fall)) p(L+Y+T) 7734.17 26.78 0.00 0.00 10 7713.89 
    Φ(L+Y+4d T+#mort) p(L+Y+T) 7735.07 27.68 0.00 0.00 8 7718.88 
    Φ(L+Y+S(Spr+mm,Sum,Fall)) p(L+Y+T) 7735.62 28.22 0.00 0.00 9 7717.39 
    Φ(L+Y+14d T) p(L+Y+T) 7735.65 28.25 0.00 0.00 8 7719.46 
    Φ(L+Y+7d T) p(L+Y+T) 7742.73 35.33 0.00 0.00 8 7726.54 
    Φ(L+Y+S(7d T,Spr,Sum,Fall)) p(L+Y+T) 7744.05 36.66 0.00 0.00 10 7723.77 
    Φ(L+Y+S(Spr+T,Sum,Fall)) p(L+Y+T) 7756.55 49.16 0.00 0.00 9 7738.33 
    Φ(L+Y+S(Spr&Sum vs Fall)) p(L+Y+T) 7763.58 56.19 0.00 0.00 8 7747.39 
    Φ(S) p(L+Y+T) 7768.57 61.18 0.00 0.00 7 7754.43 
    Φ(L+Y+3d T) p(L+Y+T) 7773.14 65.75 0.00 0.00 8 7756.96 
    Φ(L+Y) p(L+Y+T) 7774.77 67.37 0.00 0.00 7 7760.62 
    Φ(L+Y+2d T) p(L+Y+T) 7776.79 69.40 0.00 0.00 8 7760.61 
    Φ(Y) p(L+Y+T) 7828.51 121.12 0.00 0.00 6 7816.41 
    Φ(L) p(L+Y+T) 7830.61 123.22 0.00 0.00 6 7818.50 
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Table 1 (continued)       
Model AICc ∆AICc Wi 
Model 
Likelihood 
K Deviance 
Detection (p) 
      
    Φ(L+Y+t) p(L+Y+T) 7758.14 0.00 0.72 1.00 43 7667.10 
    Φ(L+Y+t) p(L+T) 7760.51 2.38 0.22 0.30 42 7671.72 
    Φ(L+Y+t) p(Y+T) 7763.17 5.04 0.06 0.08 42 7674.38 
    Φ(L+Y+t) p(T) 7770.03 11.90 0.00 0.00 41 7683.46 
    Φ(L+Y+t) p(L+Y) 7771.19 13.06 0.00 0.00 42 7682.39 
    Φ(L+Y+t) p(Y) 7773.62 15.49 0.00 0.00 41 7687.05 
    Φ(L+Y+t) p(L) 7773.77 15.63 0.00 0.00 41 7687.20 
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Figures 
 
Figure 1. Location and outlines of Brushy Creek Lake (Webster County, IA; left) and Big Creek Lake (Polk County, IA, right). Maps 
include tagged Muskellunge locations during 2017 (blue) and 2018 (red) as well as stocking locations (arrow).
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Figure 2. Mean (± SE) vegetation rake value (scale: 0 (none) to 5 (high) at fish locations (top) 
and 90% minimum convex polygon home range size (bottom; ± 95% CI) for yearling 
Muskellunge in Big Creek and Brushy Creek during 2017 and 2018. 
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Figure 3. Yearling Muskellunge type I selection ratio intervals (𝑊𝑖; ± 95% CI) for substrate 
types (top) and coarse woody habitat (CWH) complexities (bottom). Selection ratios > 1 (solid 
horizontal lines) indicate selection, values < 1 indicate avoidance, and values = 1 indicate no 
selection. 
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Figure 4. Yearling Muskellunge detection probabilities as a function of days since stocking in 
Big Creek (black) and Brushy Creek (grey) during 2017 (top) and 2018 (bottom). 
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Figure 5. Daily apparent survival estimates (± 95% CI) during the first four days post-stocking 
and from May-November for yearling Muskellunge in Big Creek and Brushy Creek in 2017 (top) 
and 2018 (bottom).
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Figure 6. Predicted survival of 300 stocked yearling Muskellunge (± 95% CI) as a function of days since stocking based on apparent 
survival estimates for Big Creek (left) and Brushy Creek (right) in 2017 (top) and 2018 (bottom).
94 
 
 
CHAPTER 4.    IMPORTANCE OF HARVEST, NATURAL MORTALITY, AND 
ESCAPEMENT FOR REGULATING RESERVOIR WALLEYE POPULATIONS 
Modified from a manuscript for submission to North American Journal of 
Fisheries Management 
Robert E. Weber III1 and Michael J. Weber1 
Co-authors contributed to the data collection and preparation of this manuscript 
Abstract 
Walleye Sander vitreus are commonly introduced to reservoirs and provide valued 
recreational fisheries. Walleye are lost from populations though harvest and natural mortality, 
but reservoir escapement may be an additional factor reducing populations. However, the relative 
effects of harvest, natural mortality, and escapement loss on reservoirs Walleye populations are 
not known. Our objective was to quantify Walleye harvest, natural mortality, and escapement in 
two Iowa reservoirs to better understand how these factors regulate reservoir Walleye 
populations. We also assessed seasonal variation in Walleye behaviors (depth of fish location, 
minimum weekly movement rates, and annual core and home ranges) and compared them among 
escaped, harvested, and in-lake Walleye to determine if seasonal or individual fish behaviors 
were associated with harvest and escapement. Walleye were implanted with radio tags in Big 
Creek and Brushy Creek beginning in October 2016 and tracked by boat through May 2019. 
Individual Walleye telemetry encounter occasions were analyzed using a live capture multistate 
model with environmental covariates to estimate weekly harvest, natural mortality, and 
escapement. In addition, telemetry data was used to estimate annual core and home ranges, 
seasonal depth use, and movement rates. Weekly harvest was greater in Big Creek than Brushy 
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Creek as well as was higher from April through July (0.014 and 0.007, respectively) compared to 
the rest of the year (0.002 and 0.001). Weekly Walleye natural mortality was positively related to 
water temperature (range 0.004-0.021) but did not differ between systems. No Walleye escaped 
at Big Creek (fish barrier on spillway) but weekly escapement at Brushy Creek (no fish barrier) 
was positively related to mean water levels during April (range: 0.03-0.29). During 2017-2018, 
annual Walleye escapement ranged from 22-47% (0% at Big Creek), harvest ranged from 13-
27%, and natural mortality was estimated at 36-38%. Walleye used shallower water during 
summer compared to winter and movement rates were greater during spring when escapement 
occurred. Escaped Walleye at Brushy Creek used greater depths and moved less than in-lake 
Walleye; however, other behaviors did not differ among Walleye groups in either lake. Our 
results suggest that escapement plays a significant role in regulating reservoir Walleye 
populations. Although differences in depth use, movement, and home range size were detected 
between lakes, behavior was generally similar between, harvested, in-lake, and escaped Walleye, 
suggesting that individual fish behavior does not influence its fate. 
1Iowa State University, Department of Natural Resource Ecology and Management,  
Ames, IA 50011, USA 
Introduction 
Walleye Sander vitreus provide highly valued recreational fisheries in North America 
(Kerr 2011) with over 3 million anglers and almost 44 million days spent angling for Walleye in 
2011 (U.S. Department of the Interior et al. 2011). Due to its popularity among anglers, Walleye 
is one of the most commonly stocked species in U.S. reservoirs (Eby et al. 2006). Many Walleye 
fisheries are harvest oriented and harvest can be a significant source of fish loss for Midwestern 
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reservoirs that generally contain low densities of adult Walleye (Willis and Stephen 1987; 
Mitzner 2002; Weber and Flammang 2019), resulting in reduced Walleye abundance (Baccante 
and Colby 1996; Quist et al. 2010). Walleye catch and harvest often varies seasonally, with 
higher rates during the spring and early summer than during summer, fall, and winter (Stone and 
Lott 2002; Quist et al. 2010). Conversely, warmer temperatures during summer can lead to 
decreased feeding, poor condition, and reduced growth (Hokanson 1977) that may increase 
natural mortality rates (Quist et al. 2002, 2004). However, little data is available regarding 
Walleye natural mortality rates, particularly on the southern edge of their range where thermal 
stress is greater and natural mortality rates may be higher compared to northern latitudes 
(MacLean and Magnuson 1977; Quist et al. 2002, 2003). Although stocking efforts can bolster 
populations without self-sustaining natural reproduction, stocked Walleye often have low 
survival rates (Olson et al. 2000; Jennings et al. 2005; Weber et al. 2020; Weber and Weber 
2020), making it difficult to establish and maintain reservoir Walleye populations. Therefore, 
understanding the relative sources of reservoir Walleye loss is critical for sustainable 
management of recreational Walleye fisheries. 
Beyond mortality, an important but often overlooked factor that may threaten the 
sustainability of reservoir sport fish populations is escapement over spillways and through outlet 
structures (Louder 1958; Lewis et al. 1968; Paller et al. 2006; Weber et al. 2013; Weber and 
Flammang 2019) that complicates the maintenance of these populations (Louder 1958; Wahl 
1999). For instance, approximately 10,000 fishes (nine different species) escaped from an 
Illinois, USA 65–ha lake during a 23–month period (Louder et al. 1958). Likewise, 31% of a 
Largemouth Bass Micropterus salmoides population in a new impoundment escaped within a 
year (Lewis et al. 1968). Escapement of Walleye may also be problematic, with annual estimates 
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of escapement from a large reservoir in Iowa, USA approaching 26%, with the economic loss of 
escaped Walleye near $400,000 (Weber et al. 2013; Weber and Flammang 2019). Although a 
few studies have quantified Walleye escapement from reservoirs, these took place on large 
systems with water control structures that operate differently and have contrasting water releases 
relative to smaller spillway reservoirs. Aside from potential variation due to differing water 
control structures, escapement rates may be influenced by several environmental factors. 
Escapement can vary among seasons, with greater escapement occurring in spring during periods 
of higher water levels and discharge rates (Lewis et al. 1968; Powell and Spencer 1979; Wolter 
et al. 2013). For example, Weber and Flammang (2019) found that Walleye escapement from a 
bottom-draw water control reservoir was positively related to mean April discharge, suggesting 
most emigration occurs during spring spawning periods. Water levels may also affect Walleye 
escapement rates from spillway reservoirs, but the timing, magnitude, and relationship with 
water levels may be different than those described in reservoirs with control structures. Thus, a 
better understanding of Walleye escapement from spillway reservoirs is critical for improved 
management of these systems. 
Walleye display unique seasonal behavior and movement patterns that may affect their 
vulnerability to escapement or harvest. Walleye are a migratory species and can have expansive 
home ranges (Palmer et al. 2005; Bellgraph et al. 2008) due to nomadic behavior (Ager 1977; 
Williams 1997). During spring, Walleye spawn in shallow water over rocky substrate 
(Eschmeyer 1950; Johnson 1961; Priegel 1970; Kerr et al. 1997; Raabe and Bozek 2012) that 
may attract them to reservoir dams and spillways during spring (Martin et al. 2012). These 
reservoir Walleye behaviors may affect fish harvest or escapement, as mobile fish may be more 
likely to encounter anglers (Palmer et al. 2011; Parsons et al. 2011; Monk and Arlinghaus 2017; 
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Sylvia et al. 2020) or spillway areas. However, the potential effects of how reservoir Walleye 
behaviors affect escapement or harvest are unknown.  
We conducted radio telemetry of adult Walleye in two central Iowa spillway reservoirs 
over two and a half years to gain a better understand the relative effects of harvest, natural 
mortality, and escapement for populations in these unique systems. One reservoir has a physical 
fish barrier intended to prevent the escapement of fishes whereas the other does not (see Study 
Area section below), providing an opportunity to assess the feasibility for barriers to limit 
Walleye escapement. First, telemetry encounter data were combined with a suite of covariates in 
a multi-state capture-recapture model to estimate harvest, natural mortality, and escapement 
probabilities. Second, tracking data were used to determine Walleye seasonal depth use, 
movement rates, and annual core and home range sizes. Third, we compared behavior metrics 
among Walleye that were harvested, survived, and escaped to determine if behaviors varied 
among groups. This combination of analyses allowed us to assess how different mechanisms 
play a role in regulating reservoir Walleye populations as well as evaluate how behavior may 
affect Walleye, harvest, natural mortality, and escapement. We hypothesized that Walleye 
harvest, escapement, and movement rates would be greater during spring, that Walleye would 
use shallower water during spring due to spawning behavior, and that escapement would be 
positively related to spring water level. During summer, we predicted that escapement, harvest, 
and movement rates would decline, fish would use greater depths, and natural mortality would 
increase due to thermal stress. Of the three potential sources of fish loss, we hypothesized that 
harvest would play the biggest role in regulating Walleye populations. Finally, we predicted that 
escaped and harvested Walleye would have greater movement rates and larger ranges than in-
lake Walleye due to a greater probability of fish encountering anglers and spillway areas.  
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Methods 
Study Area 
Big Creek Lake is a 357-ha reservoir located in Polk County, Iowa, USA (Figure 1). 
Filled in 1972, the reservoir has a large watershed (~20,000 ha), much of which is used for 
agriculture. In the mid-1990s, Big Creek underwent extensive maintenance, including 
installation of armored shorelines to prevent shoreline erosion and dikes to control incoming 
sediment. Due to concerns regarding emigration of sportfishes from Big Creek (B. Dodd, Iowa 
Department of Natural Resources (DNR), personnel communication), a physical barrier was 
installed at the spillway in 2012. The barrier consists of eight chain–link top rails (4.06 cm outer 
diameter) stacked in a horizontal fashion with 5.08 cm openings between rails (73.66 cm tall; 
Appendix F). The rails are made of 16–gauge galvanized steel and are attached to vertical 
spillway posts with line rail clamps. Big Creek has a mean depth of 5.9 m, a maximum depth of 
16.3 m, and is largely void of emergent coarse woody habitat (hereafter CWH). However, more 
than 45 brush piles were installed by the Iowa DNR from 2007-2010 as fish habitat. Aquatic 
vegetation present in Big Creek includes American Pondweed Potamogeton nodosus, Coontail 
Ceratophyllum demersum, and Sago Pondweed Potamogeton pectinatus, in addition to non–
native Curly–leaf Pondweed Potamogeton crispus. The prey base for piscivores in Big Creek 
consists mainly of Gizzard Shad Dorosoma cepedianum which were present in the system 
beginning in the 1980s. A large winterkill in 2000-2001 was thought to have eradicated the 
population and none were found during standardized fish sampling from 2001–2013; however, 
low numbers were detected in 2014 before increasing exponentially during summer 2015 (A. 
Otting, Iowa DNR, unpublished data).  
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Brushy Creek Lake is a 280-ha reservoir located in Webster County, Iowa, USA, (Figure 
1) that was completed in 1998. Approximately 65 km north of Big Creek, Brushy Creek has a 
similarly sized watershed (~21,000 ha) that is also used primarily for agriculture. The reservoir 
has a mean depth of 8.8 m, a maximum depth of 22.9 m, and contains a large amount of coarse 
woody habitat as well as aquatic vegetation. Aquatic vegetation in Brushy Creek includes 
American Pondweed, Coontail, Duckweed Lemna minor, Sago Pondweed, Southern Naiad Najas 
guadalupensis, Watermeal Wolffia spp., Two–leaf Watermilfoil Myriophyllum heterophyllum, 
and Water Stargrass Heteranthera dubia. Additionally, the system contains two non–native 
species of vegetation, Brittle Naiad Najas minor and Curly–leaf Pondweed. Gizzard Shad are 
present in the spillway basin but not the reservoir; alternatively, Bluegill Lepomis macrochirus, 
Black Crappie Pomoxis nigromaculatus, and Yellow Perch Perca flavescens are the primary 
prey base for piscivorous species.  
Transmitter Implantation 
Adult Walleye [n=42/lake; mean TL = 516 mm (range 381-703 mm)] were collected at 
each lake via boat electrofishing and short-term gill net sets and implanted with radio 
transmitterss (ATS, Isanti, Minnesota; F1835, 14 g in water, 1,003 d battery life, 0.3%-2.8% 
body weight). Before implantation, surgical equipment was soaked in 4% chlorhexidine 
(disinfectant) and rinsed with distilled water (Burger et al. 1994; Harms 2005). Fish were 
immobilized using electroanesthesia (Maxtens 1000 TENS Unit) via pulsed direct current 
(Vandergoot et al. 2011). Walleye were measured (TL, mm) and weighed (g) before being 
placed ventral side up into a wooden V-shaped tray with four mounted electrodes and 
immobilized using electroanesthesia (Maxtens 1000 TENS Unit) via pulsed direct current 
(Vandergoot et al. 2011; Appendix A). After being placed on the wooden tray, fish were 
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immobilized by slowly increasing electrical intensity, after which iodine ointment was applied 
along the linea alba. During surgeries, fresh water was continuously passed over the gills. A 
scalpel was used to make an incision anterior to the pelvic girdle (Schramm and Black 1984; 
Clapp et al. 1990) which was enlarged using scissors until transmitters could be admitted into the 
body cavity (Hart and Summerfelt 1975). After insertion of the transmitter, a 16-gauge 
hypodermic needle was used to create an exit hole for the whip antenna anterior to the anus. 
Incisions were closed using size 2/0 Maxon sutures (Medtronic, Inc.; Dublin, Ireland) with an 
interrupted cruciate suture and an additional single interrupted suture if necessary. After the 
incision was closed, iodine ointment was applied and fish were returned to a tank of recirculating 
water to recover. Walleye were monitored for approximately 20 minutes post-implantation until 
they resumed normal swimming behavior, after which they were released near the surgery 
location. Initial tagging efforts occurred during fall 2016 (19 Walleye), with additional tags 
being deployed during spring and fall throughout the study (n=64 during remaining periods). 
Radio Telemetry 
Tracking of telemetered Walleye began in late October 2016 and ended in late May 2019, 
approximately 950 days from the first tagging event. After tags were deployed, tracking was 
conducted on a weekly basis at each lake during the open water season (March-November) and 
bi-weekly during safe ice conditions (typically January-February). Additionally, downstream 
spillway locations at each lake were scanned for escaped Walleye on a regular basis during flow 
events. An ATS model R4000 receiver connected to a 3-element folding Yagi radio antenna was 
set to maximum volume and gain and the lake perimeter was slowly scanned until a fish was 
detected. Detected fish were approached and the gain was turned down until the tag signal was 
barely noticeable and signal strength was equal in all directions, at which point fish location and 
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water depth (m) were recorded (Guy et al. 1994). When three or more consecutive tracking 
events indicated no movement for a tagged Walleye, it was considered dead and tracking data 
were reviewed to determine when the last live location occurred (Wagner and Wahl 2011). 
Capture-Recapture Analysis 
Individual Walleye live encounter histories were generated from telemetry data and 
analyzed in Program MARK (White and Burnham 1999) using a live capture multistate model to 
generate maximum-likelihood estimates of true survival (S; hereafter survival), detection (p), and 
transition (Ψ) probabilities (White et al. 2006). This model is an extension of the Cormack-Jolly-
Seber (CJS) live recapture model but allows multiple areas, permitting simultaneous inference 
and separation of survival and location estimates. Multistate models assume that tagged 
individuals are representative of the population, the number of individuals tagged is known, 
tagging does not affect survival, recaptures and releases are made within brief time periods 
relative to the time between tagging, recaptures do not affect later survival or recapture, fates of 
tagged individuals among and within cohorts are independent, and individuals in a cohort have 
the same survival and recapture probability for each time interval (Burnham et al. 1987).  
Our model consisted of three possible states where Walleye could be detected: live within 
their respective lakes (L; Big Creek and Brushy Creek), harvested and reported by an angler (H), 
or escaped to their respective tailraces (E; Figure 2). Transition probabilities from lake to 
harvested (Ψ L-H; harvest probability) and lake to escaped (Ψ L-E; escapement probability) were 
estimated, while other possible state transitions (escaped to lake, harvested to lake, and escaped 
or lake) were illogical and were fixed to zero. Although it was possible for fish to be harvested 
and reported after escaping (Ψ E-H), Walleye were assigned a final state of “E” after escaping, 
and harvest from the spillway basin was not estimated. Radio-tagged Walleye were also 
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implanted with PIT (passive integrated transponder) tags, PIT antenna arrays were present on 
both spillways, spillways were regularly checked for radio tags, and no Walleye that escaped 
went undetected; thus, detection probability of escaped Walleye at both lakes was fixed to one. 
Because of perfect detection and tagged Walleye escapement from Brushy Creek only occurring 
in April, escapement was fixed to zero in all other months. Similarly, because no radio-tagged 
Walleye escaped from Big Creek during the study, Walleye escapement probability at Big Creek 
was fixed to zero. Angler tag reporting rate at Big Creek Lake was estimated as 0.75 from 2010 
to 2012 (Dodd and Otting 2012); therefore, detection probability of Walleye in the harvested 
state (i.e., reporting rate) was fixed to 0.75 in both lakes. As other studies have found Walleye 
reporting rates that were considerably lower than 0.75 (Quist et al. 2010; Vandergoot et al. 
2012), we also assessed the potential effects of lower reporting rates (0.50, 0.25) on harvest 
estimates. Because the change in reporting rate had a minimal effect on harvest estimates (e.g., 
change in weekly harvest probability <0.001), we continued the modeling process with a fixed 
reporting rate of 0.75. When a tagged Walleye was physically captured in the Brushy Creek 
spillway during opportunistic sampling events, it was returned to the lake and entered in the 
dataset as a new individual (n=1), allowing for the continued use of this individual in the dataset 
without biasing survival, detection, escapement, or harvest estimates (Weber et al. 2013). 
Finally, one Walleye at Big Creek and six Walleye in Brushy Creek were never encountered 
following tagging and were not included in the capture-recapture analysis. 
We developed a priori hypotheses to assess potential factors influencing Walleye 
survival, detection, and transition probabilities among states. Our model set evaluated the effect 
of lake (Big or Brushy), month, season (spring, summer, fall, winter), year, water temperature, as 
well as a number of water level metrics (mean, minimum, maximum, coefficient of variation) on 
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a weekly basis. Comparing all possible combinations of effects on survival, detection, and 
transition parameters was unrealistic; therefore, we used a hierarchical modeling approach 
(Doherty et al. 2012) and ran a set of models for which the model complexity within survival 
(variation among lakes and time), lake to harvest transition (variation among lakes and time), and 
lake to escaped transition (variation through time at Brushy) was retained while the effects of 
lake, month, season, and water temperature on detection probability were evaluated. After 
evaluating different structures for detection, the structure with the most support was retained 
while evaluating combinations for survival. Similarly, when the best supported structure for 
survival was determined, the effects of lake, month, season, water temperature, and water level 
metrics on transition probabilities for escapement and harvest were assessed. Hypotheses were 
modelled and compared in Program MARK using Akaike’s Information Criterion corrected for 
small sample size (AICc; Burnham and Anderson 2002), as a reliable goodness-of-fit statistic 
does not exist for multistate models (Conn et al. 2004). Additionally, Akaike weights (Wi) were 
calculated to address uncertainty regarding top model selection (Burnham and Anderson 2002). 
As our primary objective was comparing the relative effects of different sources of fish loss, 
survival estimates were converted to natural mortality (natural mortality = 1 – true survival) to 
facilitate comparisons against harvest and escapement. 
Home Range, Depth Use, and Movement 
Kernel density estimation (KDE) methods were used to estimate annual Walleye core 
ranges (50% contour) and home ranges (90% contour; Powell 2000). This method uses animal 
locations to calculate a density function and determine a minimum area that includes a fixed 
percentage of the density distribution (Fuller et al. 2005). Fish locations were plotted in ArcGIS 
and individual Walleye ranges were estimated using the ‘kernelUD’ function in package 
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‘adehabitatHR’ (Calenge 2006). The default method of this function is the bivariate normal 
kernel function using a reference bandwidth for the smoothing parameter h of h = σn(-1/6), where 
n is the number of fish locations and σ = 0.5 (σx + σy), where σx and σy are the standard 
deviations of the x and y coordinates of locations for an individual Walleye, respectively 
(Calenge 2006). Annual core and home ranges were only estimated for Walleye with a minimum 
of 15 locations within a given year during the study. Analysis of variance (ANOVA) was used to 
test differences in Walleye ranges between lakes and years. 
Minimum weekly movement rates (m/week, hereafter movement rates) and depth at 
location (hereafter depth) were calculated for each individual Walleye and averaged within 
seasons, defined as spring (March-May), summer (June-August), fall (September-November), 
and winter (December-February). Movement rates were calculated as the minimum in-water 
distance between two consecutive locations divided by weeks between locations. Movement 
rates were only calculated for Walleye with consecutive locations occurring within two weeks to 
prevent biasing movement rates for fish located infrequently. Movement rates were not 
calculated for Walleye during the winter due to intermittent tracking as well as limited fish 
locations during this period. Both Walleye depth and movement rates were log-transformed to 
normalize the residuals. For each season, differences among means for movement rate and depth 
were tested with analysis of variance (ANOVA) using the ‘gls’ function in package ‘nlme’ 
(Pinheiro et al. 2018). Season, lake, and year were included as factors; however, our models were 
unbalanced due to no Walleye being located at Brushy Creek during fall or winter 2016. 
Therefore, a factor containing all possible combinations of season, lake, and year was generated, 
and a one-way ANOVA was used instead of testing for main and interactive effects. Post-hoc 
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analyses were conducted using the ‘emmeans’ package (Lenth 2019) to compare estimated 
marginal means adjusted for multiple comparisons using the Tukey method.  
After calculating behavior metrics, mean values for individual Walleye were pooled 
within each lake based on fish fates and compared using Welch’s t-tests to determine whether 
depth, movement rate, core range size, and home range size differed among harvested, in-lake, 
and escaped Walleye. Walleye with final fates of alive, dead, and missing were all included in 
the in-lake Walleye group, as we did not want to exclude data for these individuals that was 
collected while they were alive and in the lake. All statistical analyses were conducted using 
Program R version 3.5.2 (R Core Team 2018) and were considered significant at α = 0.05. 
Additionally, habitat selection analysis was completed to determine if Walleye were selecting for 
certain substrate types (Cummins 1962; Bain and Stevenson 1999) or CWH complexities 
(Mallory et al. 2000) in either lake. Selection ratio analyses were conducted using the ‘widesI’ 
function in package ‘adehabitatHS’ (Calenge 2006) to determine whether seasonal selection for 
specific habitat types was occurring using Manly’s selection ratios (Manly et al. 2002). The 
results of the analysis are included as supplementary information in Appendix D. 
Results 
Radio Telemetry 
A total of 83 adult Walleye were radio tagged from fall 2016 to spring 2019, resulting in 
a total of 1,106 individual locations (706 in Big Creek, 400 in Brushy Creek) with an average of 
13 locations (SD = 12.4) per individual (Table 1). Of the 83 tagged Walleye, 12 were never 
relocated with the radio telemetry receiver after being released: one in Big Creek and 11 in 
Brushy Creek. However, of the 11 Brushy Creek Walleye that were never relocated after release, 
three were detected in the spillway after escaping, one of which was later harvested from the 
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spillway, and two were harvested in lake and reported by anglers. A total of 9 of 41 (22%) radio-
tagged Walleye escaped from Brushy Creek during the study; however, one Walleye that 
escaped in 2017 was recaptured in the spillway and returned to the reservoir, after which it 
escaped a second time in 2018. Therefore, there were a total of 10 Walleye escapement events 
during the study: three in 2017, four in 2018, and three in 2019, with all Walleye escaping 
between April 10 and 22. Additionally, there were 15 confirmed Walleye natural mortalities 
(nine in Big Creek, six in Brushy Creek) and 19 harvested Walleye (10 in Big Creek, nine in 
Brushy Creek). Of the nine Walleye harvested and reported at Brushy Creek, three were 
harvested from the tailrace pool after escaping from the reservoir (33% of escaped Walleye). At 
both lakes, the majority (14 of 19 fish; 74%) of harvest occurred from May through July in 2017 
and 2018. 
Capture-Recapture 
The best supported model structure for detection probabilities indicated that Walleye 
detection varied among lakes and with water temperature (Table 2). Detection probabilities were 
greater in Big Creek than Brushy Creek (β = 1.357; 95% CI = 1.149 to 1.566) and increased with 
water temperature (β = 0.028; 95% CI = 0.021 to 0.036). In both lakes, detection probabilities 
were lowest in March 2019 and greatest in July 2018, ranging from 0.50 to 0.80 in Big Creek 
and 0.20 to 0.51 in Brushy Creek (Figure 3). No other models comparing detection probability 
were supported (∆AICc > 29; Table 2). 
 The most supported structure for natural mortality included the effect of water 
temperature, with natural mortality increasing with increasing water temperature (β = -0.036; 
95% CI = -0.065 to -0.007). Weekly natural mortality estimates ranged from 0.003 to 0.021 in 
both lakes, with the lowest and highest estimates occurring at water temperatures of 1.1°C and 
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29.5°C, respectively (Figure 4). There was some support for the effect of lake on natural 
mortality (∆AICc = 1.36) but the effect of lake did not differ from zero (β = -0.705; 95% CI = -
1.598 to 0.189). No other model structures used to estimate natural mortality received support 
(∆AICc > 2.72; Table 2). 
After determining the best structure for detection and natural mortality, 18 models were 
developed to compare factors associated with Walleye transition to harvest, of which three had 
ΔAICc < 1.0 and Wi > 0.15 whereas all other candidate models had less support (∆AICc > 1.98, 
Wi < 0.10; Table 2). Our top model indicated that Walleye harvest varied between lakes and 
months, with greater harvest from April through July compared to the rest of the year (β = 2.042; 
95% CI = 0.550 to 3.533). The point estimate of harvest probability was also greater in Big 
Creek than Brushy Creek (β = 0.791) but this difference was not significant, as the slope did not 
differ from zero (95% CI = -0.278 to 1.861). Weekly Walleye harvest probability was 0.015 
(95% CI = 0.010 to 0.021) at Big Creek from April through July and 0.002 (95% CI = 0.0005 to 
0.0070) during the rest of the year. Estimates at Brushy Creek were similar, with April-July 
weekly harvest probability estimated at 0.007 (95% CI = 0.003 to 0.014) and at 0.0009 (95% CI 
= 0.0002 to 0.0040) during other months (Figure 5). There was some support for models without 
a lake effect (∆AICc = 0.42) where harvest was estimated at 0.010 (95% CI = 0.008 to 0.013) 
during April-July and at 0.002 (95% CI = 0.0004 to 0.0060) during other months. There was also 
some support for greater harvest during May and June (∆AICc = 0.67) where harvest was 
estimated at 0.023 (95% CI = 0.014 to 0.039) during May-June and at 0.004 (95% CI = 0.002 to 
0.008) during other months.  
Finally, the top model indicated that weekly escapement probabilities at Brushy Creek 
were best described by mean weekly water level during April. Although the effects of other 
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water level metrics on escapement were incorporated into other candidate models, the second 
ranked model (weekly minimum water level during the month of April; (∆AICc = 0.55) received 
less support and produced similar parameter estimates (0.018 to 0.217) with greater standard 
errors, while the third ranked model received little support (∆AICc = 2.53; Table 2). Weekly 
mean water level during April was positively related to Walleye escapement probability (β = 
9.304; 95% CI = 1.991 to 16.617), with weekly estimates ranging from 0.034 to 0.289 at water 
levels from 0.05 m to 0.28 m (Figure 6).  
Weekly harvest, natural mortality, and escapement probabilities from our top model were 
each applied as the sole source of fish loss (e.g., escapement, harvest, and natural mortality 
acting independently instead of cumulatively) to a theoretical population of 10,000 Walleye > 
381 mm (minimum tagging size in this study) to evaluate how temporal variation in weekly 
estimates of harvest, natural mortality, and escapement contribute to fish loss on from October 
2016 through October 2018. In Big Creek, annual harvest was estimated at 27.1% (95% CI = 
2.6% to 31.5%) while natural mortality was estimated at 38.9% (95% CI = 23.6% to 59.8%) 
from October 2016 to October 2017 and 38.1% (95% CI = 22.6% to 59.7%) from October 2017 
to October 2018. Estimates of harvest from Brushy Creek were lower, resulting in an annual 
harvest estimate of 13.3% (95% CI = 1.0% to 18.3%) with natural mortality ranging from 37.8% 
(95% CI = 22.8% to 58.8%) from October 2016 to October 2017 to 37.0% (95% CI = 21.9% to 
58.5%) from October 2017 to October 2018. While mortality estimates were similar between 
lakes and years, escapement estimates at Brushy Creek were more variable, ranging from 21.9% 
(95% CI = 15.1% to 31.7%) during April 2017 up to 46.5% (95% CI = 31.7% to 67.8%) during 
April 2018 (Figure 7). 
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Home Range, Depth Use, and Movement 
Annual core and home ranges were estimated for 35 Walleye with at least 15 locations 
during a given year: 13 in Big Creek in 2017, 11 in Big Creek in 2018, three in Brushy Creek in 
2017, and eight in Brushy Creek in 2018. Core ranges differed among lakes (F1,31 = 12.18, P = 
0.001) but not years (F1,31 = 0.94, P = 0.34) or the lake-year interaction (F1,31 = 0.003, P = 0.96, 
Figure 8). Similarly, home ranges differed among lakes (F1,31 = 21.69, P < 0.001) but not years 
(F1,31 = 3.46, P = 0.07) or the lake-year interaction (F1,31 = 0.41, P = 0.52, Figure 8). Walleye in 
Big Creek had large core ranges (mean = 107.1 ha, SE = 12.0 ha) and home ranges (mean = 
237.0 ha, SE = 12.4 ha) relative to core (mean = 40.0 ha, SE = 9.5 ha) and home ranges (mean = 
126.9 ha, SE = 22.6 ha) in Brushy Creek. Walleye average core and home ranges encompassed 
33% and 72% of the surface area of Big Creek, respectively, while encompassing 14% and 46% 
of the surface area of Brushy Creek. 
Depth of Walleye locations varied among season-lake-years (F18,979 = 8.08, P < 0.0001). 
Depth was generally similar within a lake across seasons and years as well as between lakes 
during the spring and winter, but pairwise comparisons detected differences between lakes 
during summer 2017, summer 2018, fall 2018, and spring 2019 (Figure 9). Overall, Walleye 
were located in deeper water in Brushy Creek (mean = 4.12 m, SE = 0.11) than Big Creek (mean 
= 3.35 m, SE = 0.07) during all seasons and years, excluding spring 2017. Walleye in Big Creek 
used the deepest water during winter (mean = 4.1 m, SE = 0.32), intermediate depths during 
spring (mean = 3.5 m, SE = 0.15) and fall (mean = 3.29 m, SE = 0.12), and shallower water 
during the summer (mean = 2.89 m, SE = 0.11). Similarly, Brushy Creek Walleye used deep 
water during winter (mean = 8.47 m, SE = 1.06), were located at intermediate depths during fall 
(mean = 4.44 m, SE = 0.2), and used shallower water during spring (mean = 3.90 m, SE = 0.21) 
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and summer (mean = 3.86 m, SE = 0.15). Movement rates also differed among season-lake-years 
(F13,124 = 2.28, P = 0.01) with significantly lower rates in Brushy Creek during fall 2017 than Big 
Creek spring and fall rates during all years (Figure 10). However, no differences within lakes 
were detected across seasons and years. In Big Creek, rates were similar between spring (mean = 
897.8 m/week, SE = 70.7) and fall (mean = 822.8 m/week, SE = 119.4), but were considerably 
lower during the summer (mean = 574.3 m/week, SE = 96.6). In Brushy Creek, rates were 
highest during spring (mean = 679.8 m/week, SE = 104.4), intermediate during summer (mean = 
516.1 m/week, SE = 108.8), and lowest during fall (mean = 418.4 m/week, SE = 101.0).  
 Because no significant differences in depth and movement rates were detected across 
seasons within either lake, behavior metrics were averaged for individual Walleye over the 
duration of the study, resulting in a mean depth, movement rate, core range, and home range 
value for each Walleye. Walleye that escaped (n = 6) from Brushy Creek used deeper water (4.83 
m [SD = 0.90]) than those that remained in-lake (n = 20; 3.76 m [SD = 0.92]; Welch’s t-tests: t(8) 
= -2.55, P = 0.03). However, Walleye that were harvested (n = 4) from Brushy Creek used 
intermediate depths (4.45 m [SD = 1.81]) and did not differ from escaped (t(4) = 0.39, P = 0.72) 
or in-lake fish (t(3) = -0.74, P = 0.51). Movement rates in Brushy Creek were lower for Walleye 
that escaped (n = 4; 239.73 m/week [SD = 164.22]) compared to those that remained in-lake (n = 
17; 548.3 m/week [SD = 361.91]; t(11) = 2.56, P = 0.03), while rates for harvested Walleye (n = 
3; 505.75 m [SD = 490.91]) did not differ from either escaped (t(2) = -0.90, P = 0.46) or in-lake 
Walleye (t(2) = 0.14, P = 0.90). No significant differences in core and home ranges were detected 
between harvested and in-lake Walleye in Big Creek (50% core range: t(9) = -0.41, P = 0.69; 90% 
home range: t(10) = -0.74, P = 0.48) or escaped and in-lake Walleye in Brushy Creek (50% core 
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range: t(4) = 0.02, P = 0.98; 90% home range: t(3) = 0.17, P = 0.87) while no harvested Walleye 
had enough locations for range estimation (Figure 11). 
Discussion 
Understanding factors related to and the magnitude of Walleye escapement from 
reservoirs is critical for successful management of these dynamic systems. Additionally, 
determining the relative effects of fish loss via escapement compared to harvest and natural 
mortality is critical, as escapement can lead to major reductions in population densities, further 
complicating management. Our capture-recapture analysis showed that escapement can be a 
significant source of fish loss in spillway reservoirs without barriers and may result in greater 
loss than harvest or natural mortality, particularly during years with high water levels during 
spring. Harvest is commonly cited as an important factor regulating Walleye populations 
(Sullivan 2003; Quist et al. 2004, 2010) and fisheries management often focuses on regulating 
harvest as a means of managing populations because it is more easily estimated and managed 
through alterations in creel and size limits (Sullivan 2003; Isermann 2007) compared to natural 
mortality. While harvest can alter populations, our results indicate that natural mortality has a 
larger effect than harvest on the loss of Walleye from these populations. We estimated Walleye 
annual exploitation at 13% for Brushy Creek and 27% for Big Creek, with harvest rates seven 
times higher from April through July compared to the rest of the year. Similarly, in a highly 
exploited reservoir in Kansas, USA (2000-2002 annual Walleye exploitation estimate = 68%), 
85% of Walleye exploitation occurred from April to June, with 54% of tag returns occurring 
during May (Quist et al. 2010). Baccante and Colby (1996) summarized Walleye exploitation for 
46 populations with a median exploitation rate of 21% and only four populations with a mean 
over 30%. Although Big Creek exploitation estimates are above average, estimates up to 68% 
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have been reported for other Midwest reservoirs (Quist et al. 2010) and up to 94% in Canadarago 
Lake, New York, USA (Willms and Green 2007). Spatiotemporal variation in harvest mortality 
further illustrates the importance of understanding the effects of anglers and other sources of fish 
loss on Walleye populations, as a thorough understanding and quantification of fish loss is 
imperative when devising management plans.   
Variation in weekly Walleye natural mortality estimates in each lake were best explained 
by water temperature, with natural mortality positively associated with water temperatures and 
estimates ranging from 36-38% annually. Due to the harvest-oriented nature of many Walleye 
fisheries, natural mortality estimates are not widely available (Bozek et al. 2011). However, our 
estimates are comparable to those from an unexploited reservoir in Pennsylvania, which ranged 
from 32-41% (Kocovsky and Carline 2001a). Other studies in Midwestern reservoirs estimated 
total annual mortality of Walleye ranged from 5-46% in an Iowa reservoir (Weber and 
Flammang 2019) to 40-60% in eight Kansas reservoirs (Quist et al. 2004). Walleye prefer water 
temperatures ranging from 21-23°C, with an optimum temperature of 22°C and an upper lethal 
limit near 31°C (Hokanson 1977; Hasnain et al. 2010). During our study, temperatures ranged 
from 1-29°C, with mean weekly surface temperatures typically exceeding the thermal optimum 
from early June to early October. Kocovsky and Carline (2001b) found decreased Walleye 
condition and feeding activity during summer in Pymatuning Reservoir, Pennsylvania, USA 
when average temperatures were generally greater than 22°C and proposed that the thermal 
regime played a significant role in structuring the Walleye population. Similarities in latitude and 
size between Pymatuning Reservoir and our study systems suggest that thermal conditions are 
important in regulating reservoir Walleye populations in Iowa as well. Furthermore, the 
importance of natural mortality in shaping reservoir Walleye populations was reflected by our 
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model estimates that indicated natural mortality is a greater contributor to fish loss than harvest 
or escapement during some years. 
In addition to harvest and natural mortality, Walleye escapement from reservoirs, 
although rarely assessed, can have a major effect on reservoir Walleye populations. In this study, 
escapement had similar or larger effects on the loss of Walleye from the population compared to 
natural mortality and harvest. Walleye escapement was only observed in April and increased 
with weekly mean water level. Weber et al. (2013) hypothesized that Walleye escapement would 
be greater during spring in a large reservoir with a bottom-draw water control structure (Lake 
Rathbun, Iowa) due to spawning activity, but the hypothesis received little support; instead, 
mean daily discharge throughout the year had the greatest influence on escapement probability. 
The discrepancy between this study and results observed here may be due differences in water 
level regulation structures; Brushy Creek has a spillway outlet, while releases from Rathbun 
Lake occur via a bottom-draw system. We observed Walleye using shallow water during spring 
and summer that could have resulted in increased escapement over spillway systems, while 
bottom-draw control structures are in deeper water. Walleye have an affinity for demersal 
habitats (Kerr et al. 1997) that could lead to year-round escapement through bottom-draw 
reservoirs compared to small impoundments with spillways, particularly with exponential 
increases in flow rates. In our study, weekly estimates of escapement ranged from 3% with a 
mean spillway water level of 0.05 m to 29% with a spillway level of 0.28 m. Escapement was 
relatively consistent at water levels up to 0.1 m, after which escapement probability increased 
exponentially. Other studies have found a similar relationship between escapement and discharge 
(Navarro and McCauley 1993; Weber et al. 2013; Weber and Flammang 2019; Meerbeek and 
Weber in press), supporting the idea of a discharge threshold that, when passed, leads to dramatic 
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increases in escapement. Armbruster (1962) found that nearly 20,000 Walleye escaped from 
Berlin Reservoir, Ohio, USA during a five-year period, with nearly half of Walleye being 
mortally wounded during emigration and the majority of escapement occurring during rapid lake 
level reductions. Weber et al. (2013) also found that Walleye daily escapement from Rathbun 
Lake, Iowa increased exponentially as mean daily discharge increased from 8 to 61 m3/s. 
Similarly, escapement from Rathbun Lake was consistently low during years with fewer than 
200 days of discharge greater than 14 m3/s but increased exponentially to 26% when 235 days 
had discharge greater than 14 m3/s (Weber and Flammang 2019). The exponential relationship 
between discharge and escapement is particularly concerning, as heavy precipitation events in 
the Midwest are predicted to increase in intensity in the future (Melillo et al. 2014). Increased 
precipitation will lead to increased discharge from reservoirs that could have devastating effects 
on Walleye populations. Weber and Flammang (2019) found similar rates of escapement (2-
26%) and mortality (6-46%) for Walleye over 10 years at Rathbun Lake, Iowa and suggested that 
the combination of these mechanisms could lead to depleted populations and decreased angling 
opportunities.  
Walleye used shallower water during summer in both systems, intermediate depths 
during spring and fall, and deeper water during the winter. As Big Creek and Brushy Creek are 
spillway reservoirs, escapement probability likely increases as Walleye move from deep winter 
habitats to shallower water in spring. Additionally, mean movement rates of Walleye were 
greatest during spring in both lakes, although they did not significantly differ across seasons. 
Increased Walleye movement in spring is likely due to fish seeking out preferred spawning areas. 
Weeks and Hansen (2009) also predicted that stocked Muskellunge move more randomly while 
spawning, which may increase their probability of escaping. Martin et al. (2012) found that 
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Walleye selected areas with cooler water temperatures and coarse substrates during spawning in 
two Nebraska reservoirs, with areas meeting these criteria only located on or near the dams of 
each system. Similarly, most coarse substrate in our study systems is in the south end on or near 
the dam, which also warms more slowly than the north end during spring. High movement rates 
to spawning areas on or near the dam and use of shallow water adjacent to reservoir spillways 
during spring likely contribute to escapement during this period.  
Walleye also had greater movement rates and larger home ranges in Big Creek than 
Brushy Creek, likely due to environmental differences between reservoirs. Walleye are less 
active in clearer lakes during the day (Ryder 1977) and Big Creek is a relatively turbid reservoir 
(2016-2019 mean Secchi depth = 1.26 m) while Secchi depth in Brushy Creek often exceeds 3 m 
(Iowa Department of Natural Resources 2019). Big Creek also contains limited amounts of CWH 
(3 trees/100 m2) relative to Brushy Creek (14 trees/100 m2) as well as fewer species and less 
dense aquatic vegetation. Similarly, Walleye and Yellow Perch Perca flavescens had higher 
movement rates in a simple versus a complex lake, potentially because less movement is 
required to find food in more complex systems (Blackwell 2001; Bauer et al. 2009). Likewise, 
juvenile Largemouth Bass chase prey more frequently in systems with low abundance of CWH, 
resulting in greater movement rates and larger home range size (Ahrenstorff et al. 2009; 
DeBoom and Wahl 2013). In addition to environmental differences, Gizzard Shad are likely the 
primary Walleye forage in Big Creek and greater movement rates may result from Walleye 
travelling further to locate prey. Alternatively, Walleye in Brushy Creek likely consume 
primarily centrarchids and Yellow Perch, and do not have to move as far to find favorable areas 
with complex habitat. Larger movements by Walleye in Big Creek due to turbidity and active 
foraging may lead to greater harvest by increasing their chances of encountering anglers. 
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Walleye may also be more susceptible to harvest during spring, as use of shallower depths during 
this time can increase vulnerability to angling, particularly by shore anglers. Additionally, spring 
water temperatures are closer to the thermal optima, while feeding activity is reduced at the 
extremes of their thermal range (Kitchell et al. 1977). 
Reservoir fish escapement can lead to the creation of productive tailrace fisheries, with 
the emigration of recreationally valued fish acting as a stocking program for these systems 
(Jacobs and Swink 1983; Trammell et al. 1993; Schultz et al. 2003). However, reservoir fish 
communities consist largely of stocked non–native piscivores (Rahel 2000; Eby et al. 2006) 
which, after escaping, can threaten the integrity of downstream ecosystems through competition, 
hybridization, and predation (Martinez et al. 1994; Spoelstra et al. 2008). Additionally, 
downstream systems may not provide suitable conditions to sustain stocked piscivores during 
extreme thermal events and periods of low discharge, potentially resulting in high mortality rates 
of escaped fishes. Thus, reducing escapement is of interest to many fisheries managers, which 
might be accomplished by manipulating discharge rates or implementing fish barriers. A variety 
of barrier types exist (i.e., acoustic, bubble, electric, light, physical) that could be applied 
depending on spillway design. Physical barriers are easy to implement, relatively inexpensive, 
and can be effective in reducing escapement over reservoir spillways. However, non-physical 
barriers are more feasible for bottom-draw outlet structures and may reduce escapement 
(Flammang et al. 2014; Weber et al. 2016) although implementation of these methods is not as 
simple. No escapement of tagged Walleye was observed at Big Creek, suggesting that the 
physical barrier currently in place on that system is effective at preventing escapement of adult 
Walleye. However, the two systems also differ in terms of morphometries, with the spillway at 
Brushy Creek being located directly on the dam while the spillway at Big Creek is partially 
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isolated from the main lake via a canal (Figure 1). Therefore, Walleye movement from the main 
basin at Big Creek through the canal to the spillway area may be restricted, inherently leading to 
lower escapement probabilities. 
Although radio tags typically have high detection rates, detection becomes more difficult 
at greater depths and higher conductivity. Because of the availability of deep water in both lakes, 
depth data may have been biased shallow relative to actual depths being used by Walleye. 
Similarly, limited detections of individual Walleye in both lakes may have led to biased home 
range estimates (Seaman et al. 1999). Although our home range estimates may not be directly 
comparable to other studies with greater numbers of individual fish locations and higher 
detection rates, our primary objective was to compare behavior between Walleye groups in our 
study, and we found little evidence to support any behavioral differences between fish that 
escaped and those remaining in-lake. However, we had a relatively small sample size for each 
group, which may have limited our ability to distinguish differences in behavior between 
Walleye groups. Despite the same number of Walleye being tagged at each system, fewer total 
Walleye locations were recorded at Brushy Creek, likely due to greater depth and habitat 
complexity compared to Big Creek. While using raw counts of Walleye with known fates of 
harvest, natural mortality, and escapement would be biased due to imperfect detection, we used a 
capture-recapture model with Walleye encounter histories to estimate these parameters while 
accounting for imperfect detection probabilities, resulting in accurate harvest, natural mortality, 
and escapement estimates (White and Burnham 1999). Therefore, estimates presented here 
provide accurate information regarding harvest, natural mortality, and escapement rates of 
Walleye in small impoundments.  
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Cumulatively, our results provide a greater understanding of how harvest, natural 
mortality, and escapement regulate spillway reservoir Walleye populations as well as offers 
insight into how behavior relates to the different sources of fish loss. We found that most 
Walleye harvest occurs during spring and summer, natural mortality is greatest when water 
temperatures are high, and escapement only occurs in April and is positively related to water 
level. In both systems, Walleye used moderate depths and exhibited the greatest movement 
during spring, which could lead to increased escapement in systems with spillways. Although 
escaped Walleye at Brushy Creek used greater depths and moved less than in-lake fish, behavior 
was otherwise similar among Walleye groups, suggesting that individual behavior has little 
effect on these sources of fish loss. While 22% of Walleye escaped from Brushy Creek, none 
emigrated from Big Creek, suggesting that physical barriers may be an effective management 
tool for reducing or preventing escapement. The results of this study show that escapement is an 
important factor in regulating Walleye populations and can lead to greater fish loss than either 
harvest or natural mortality. Our model estimates also indicate that Walleye harvest has a lesser 
effect on populations than natural mortality and escapement in systems without barriers; as 
natural mortality is difficult to manipulate, managers should focus on reducing escapement to 
mitigate the effect of natural mortality on Walleye densities. By understanding how different 
mechanisms regulate Walleye populations and how behavior is related to mortality sources, 
managers can focus efforts on the major sources of fish loss, leading to simplified management 
of Walleye populations and increased angling opportunities. 
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Tables 
Table 1. Summary information for adult Walleye implanted with radio transmitters in Big Creek 
and Brushy Creek lakes, Iowa, USA. Fish IDs ending in “_#” indicate tags that were recovered 
and implanted in new Walleye. Final fates of “Escaped(2)” indicate tagged Walleye that were 
captured during spillway sampling and were returned to the reservoir, after which they escaped a 
second time. Final fate was determined during the final five tracking events. 
Lake Fish ID 
TL 
(mm) 
Weight 
(g) 
Tagging 
date 
Total 
detections 
Final 
detection 
Final fate 
Big 149.203 498 1,440 4/16/18 34 5/3/19 Alive 
Big 149.213 448 880 4/16/18 4 5/16/18 Harvested 
Big 149.233 456 950 4/16/18 15 2/22/19 Missing 
Big 149.244 617 4,586 4/16/18 32 5/31/19 Alive 
Big 149.263 572 2,020 4/16/18 1 4/16/18 Missing 
Big 149.272 422 750 4/16/18 25 5/31/19 Alive 
Big 149.293 463 922 4/16/18 24 5/31/19 Alive 
Big 149.312 419 730 4/16/18 7 8/5/18 Harvested 
Big 149.324 654 3,240 4/16/18 6 5/31/18 Dead 
Big 149.333 699 4,052 4/16/18 25 5/31/19 Alive 
Big 150.104 489 1,212 4/2/17 4 6/7/17 Harvested 
Big 150.123 440 763 10/18/16 18 6/21/17 Harvested 
Big 150.203 484 1,120 10/10/16 2 11/29/16 Dead 
Big 150.265 423 740 4/2/17 47 5/15/19 Alive 
Big 150.284 380 506 11/1/16 21 5/31/17 Missing 
Big 150.323 466 1,040 4/2/17 65 5/31/19 Alive 
Big 150.363 392 616 4/2/17 4 6/20/17 Harvested 
Big 150.383 703 3,816 10/18/16 25 5/26/17 Dead 
Big 150.402 409 644 4/2/17 30 5/31/18 Missing 
Big 150.482 418 616 11/1/16 9 4/25/17 Missing 
Big 150.503 533 1,838 4/2/17 7 7/31/17 Dead 
Big 150.542 398 570 10/18/16 19 6/22/17 Missing 
Big 150.561 388 568 11/1/16 8 5/26/17 Missing 
Big 150.581 389 566 11/1/16 23 5/6/17 Harvested 
Big 150.602 386 504 11/1/16 20 6/9/17 Harvested 
Big 150.703 475 1,160 4/2/17 3 6/1/17 Harvested 
Big 150.723 457 842 11/1/16 19 6/6/17 Dead 
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Table 1 (continued) 
Lake Fish ID 
TL 
(mm) 
Weight 
(g) 
Tagging 
date 
Total 
detections 
Final 
detection 
Fate 
Big 150.782 435 734 11/1/16 12 3/28/17 Dead 
Big 150.802 463 1,046 4/2/17 19 12/6/17 Missing 
Big 150.841 461 825 10/11/16 14 8/1/17 Harvested 
Big 149.213_2 495 1,122 4/9/19 2 5/31/19 Alive 
Big 149.313_2 426 740 4/9/19 4 5/3/19 Alive 
Big 150.104_2 498 1,140 9/27/17 21 6/6/18 Dead 
Big 150.123_2 620 2,465 9/27/17 41 5/31/19 Alive 
Big 150.363_2 520 1,150 9/27/17 3 1/19/18 Missing 
Big 150.581_2 515 1,224 4/9/19 5 5/31/19 Alive 
Big 150.602_2 605 2,040 9/27/17 17 5/25/18 Harvested 
Big 150.602_3 489 1,230 4/9/19 10 5/31/19 Alive 
Big 150.703_2 602 2,150 5/31/18 26 4/7/19 Dead 
Big 150.703_3 474 1,024 4/9/19 6 5/31/19 Alive 
Big 150.782_2 453 775 9/27/17 3 2/2/18 Missing 
Big 150.841_2 598 1,987 10/4/17 26 9/18/18 Dead 
Brushy 148.012 618 2,788 4/22/18 5 8/22/18 Dead 
Brushy 148.024 554 1,554 4/22/18 13 5/31/19 Alive 
Brushy 148.032 508 1,276 4/22/18 5 7/10/18 Harvested 
Brushy 148.040 502 1,040 4/22/18 4 5/10/18 Dead 
Brushy 148.052 518 1,566 4/22/18 23 5/31/19 Alive 
Brushy 148.062 555 1,612 4/22/18 4 7/1/18 Harvested 
Brushy 148.073 620 3,172 4/22/18 17 4/10/19 Escaped 
Brushy 148.082 535 1,630 4/22/18 23 5/31/19 Alive 
Brushy 148.090 588 1,848 4/22/18 1 4/22/18 Missing 
Brushy 148.103 641 3,354 4/22/18 1 4/22/18 Missing 
Brushy 150.064 593 2,156 4/8/17 7 4/17/18 Escaped(2) 
Brushy 150.082 533 1,454 4/8/17 1 4/8/17 Missing 
Brushy 150.143 469 872 11/2/16 1 11/2/16 Missing 
Brushy 150.164 521 1,438 4/8/17 23 4/11/19 Escaped 
Brushy 150.186 511 1,366 11/2/16 17 4/5/18 Dead 
Brushy 150.224 516 1,288 4/8/17 18 4/22/18 Escaped 
Brushy 150.243 682 3,474 4/8/17 1 4/8/17 Missing 
Brushy 150.303 426 606 11/2/16 37 5/6/19 Alive 
Brushy 150.344 523 1,658 4/8/17 8 5/25/18 Missing 
Brushy 150.424 440 734 11/2/16 24 5/6/19 Alive 
Brushy 150.443 650 3,462 4/8/17 19 5/6/19 Alive 
Brushy 150.461 697 4,360 4/8/17 12 1/6/18 Harvested 
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Table 1 (continued) 
Lake Fish ID 
TL 
(mm) 
Weight 
(g) 
Tagging 
date 
Total 
detections 
Final 
detection 
Fate 
Brushy 150.521 511 1,230 4/8/17 10 4/22/18 Escaped 
Brushy 150.621 574 1,796 4/8/17 5 4/20/18 Escaped 
Brushy 150.642 607 2,404 4/8/17 2 4/12/17 Escaped 
Brushy 150.663 467 1,050 4/8/17 7 7/18/17 Dead 
Brushy 150.682 608 2,014 11/2/16 1 11/2/16 Missing 
Brushy 150.744 520 1,354 4/8/17 2 6/5/17 Harvested 
Brushy 150.760 511 1,326 11/2/16 2 4/20/17 Escaped 
Brushy 150.822 501 1,248 11/2/16 1 3/28/17 Harvested 
Brushy 148.032_2 497 1,254 4/15/19 4 5/31/19 Alive 
Brushy 148.062_2 562 1,754 4/15/19 3 5/31/19 Alive 
Brushy 150.064_2 425 842 4/15/19 4 5/13/19 Dead 
Brushy 150.186_2 570 1,972 4/22/18 28 5/31/19 Alive 
Brushy 150.461_2 542 1,600 4/22/18 15 5/31/19 Alive 
Brushy 150.521_2 522 1,297 5/10/18 2 5/25/18 Missing 
Brushy 150.744_2 561 1,597 10/3/17 30 5/31/19 Alive 
Brushy 150.760_2 525 1,326 10/2/17 13 8/7/18 Dead 
Brushy 150.760_3 490 1,392 4/15/19 3 4/17/19 Escaped 
Brushy 150.822_2 542 1,423 10/2/17 1 10/11/17 Harvested 
Brushy 150.822_3 586 2,288 4/22/18 3 5/2/18 Missing 
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Table 2. Akaike’s Information Criterion (AICc), ΔAICc (difference in AICc values between the best model and other models), 
AICc weight (Wi), number of parameters (K), and deviance of multistate models used to estimate weekly natural mortality (M), 
detection (p), harvest (Ψ L-H), and escapement (Ψ L-E) probabilities of adult Walleye in Big Creek and Brushy Creek lakes, 
Iowa, USA from October 2016 through May 2019. Effects included variation among time (t), lakes (L), years (Y), seasons (Ssn; 
spring, summer, fall, winter), months (Mo), and water temperature (Tm). Models also included the effect of various water level 
metrics (maximum (Mx), minimum (Mn), average (Av), and coefficient of variation (CV)) for the week prior to tracking events. 
Model AICc ∆AICc Wi 
Model 
Likelihood 
K Deviance 
Escapement (Ψ L-E)       
   M(Tm) p(L+Tm) Ψ(L-H(L+Mo(Apr-Jul))) L-E((Apr7dAv))) 6,882.52 0.00 0.44 1.00 11 6,860.25 
   M(Tm) p(L+Tm) Ψ(L-H(L+Mo(Apr-Jul))) L-E((Apr7dMn))) 6,883.06 0.55 0.33 0.76 11 6,860.80 
   M(Tm) p(L+Tm) Ψ(L-H(L+Mo(Apr-Jul)) L-E((Apr7dCV))) 6,885.05 2.53 0.12 0.28 11 6,862.78 
   M(Tm) p(L+Tm) Ψ(L-H(L+Mo(Apr-Jul)) L-E((Apr7dMx))) 6,886.19 3.68 0.07 0.16 11 6,863.93 
   M(Tm) p(L+Tm) Ψ(L-H(L+Mo(Apr-Jul)) L-E((Apr))) 6,887.58 5.07 0.03 0.08 11 6,865.32 
   M(Tm) p(L+Tm) Ψ(L-H(L+Mo(Apr-Jul)) L-E(Ssn(spring))) 6,901.34 18.82 0.01 0.00 10 6,881.11 
   M(Tm) p(L+Tm) Ψ(L-H(L+Mo(Apr-Jul)) L-E(Tm)) 6,903.12 20.60 0.00 0.00 10 6,882.90 
   M(Tm) p(L+Tm) Ψ(L-H(L+Mo(Apr-Jul)) L-E(Mo)) 6,904.09 21.58 0.00 0.00 19 6,865.32 
   M(Tm) p(L+Tm) Ψ(L-H(L+Mo(Apr-Jul)) L-E(Y)) 6,918.29 35.78 0.00 0.00 11 6,896.03 
   M(Tm) p(L+Tm) Ψ(L-H(L+Mo(Apr-Jul)) L-E(.)) 6,919.41 36.89 0.00 0.00 9 6,901.23 
Harvest (Ψ L-H)       
   M(Tm) p(L+Tm) Ψ(L-H(L+Mo(Apr-Jul)) L-E(t)) 7,066.95 0.00 0.25 1.00 98 6,849.44 
   M(Tm) p(L+Tm) Ψ(L-H(Mo(Apr-Jul)) L-E(t)) 7,067.37 0.42 0.20 0.81 97 6,852.32 
   M(Tm) p(L+Tm) Ψ(L-H(L+Mo(MayJun) L-E(t)) 7,067.62 0.67 0.18 0.71 98 6,850.11 
   M(Tm) p(L+Tm) Ψ(L-H(Mo(MayJun) L-E(t)) 7,068.93 1.98 0.09 0.37 97 6,853.87 
   M(Tm) p(L+Tm) Ψ(L-H(Tm) L-E(t))  7,069.30 2.35 0.08 0.31 97 6,854.25 
   M(Tm) p(L+Tm) Ψ(L-H(L+Tm) L-E(t))  7,070.86 3.91 0.04 0.14 98 6,853.35 
   M(Tm) p(L+Tm) Ψ(L-H(L+Tm^2) L-E(t))  7,070.95 3.99 0.03 0.14 99 6,850.97 
   M(Tm) p(L+Tm) Ψ(L-H(Mo(Jun) L-E(t))  7,071.16 4.21 0.03 0.12 97 6,856.11 
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Table 2 (continued)       
Model AICc ∆AICc Wi 
Model 
Likelihood 
K Deviance 
   M(Tm) p(L+Tm) Ψ(L-H(L+Mo(Jun) L-E(t))  7,071.28 4.32 0.03 0.12 98 6,853.77 
   M(Tm) p(L+Tm) Ψ(L-H(L+Mo) L-E(t))  7,072.13 5.18 0.02 0.08 107 6,832.25 
   M(Tm) p(L+Tm) Ψ(L-H(.) L-E(t))  7,072.21 5.26 0.02 0.07 96 6,859.61 
   M(Tm) p(L+Tm) Ψ(L-H(L+Ssn) L-E(t))  7,073.42 6.46 0.01 0.04 100 6,850.97 
   M(Tm) p(L+Tm) Ψ(L-H(L) L-E(t))  7,073.91 6.95 0.01 0.03 97 6,858.85 
   M(Tm) p(L+Tm) Ψ(L-H(Y) L-E(t))  7,074.54 7.58 0.01 0.02 100 6,852.09 
   M(Tm) p(L+Tm) Ψ(L-H(L+Mo(May) L-E(t))  7,074.92 7.97 0.00 0.02 98 6,857.41 
   M(Tm) p(L+Tm) Ψ(L-H(L+Y) L-E(t))  7,075.63 8.68 0.00 0.01 101 6,850.71 
   M(Tm) p(L+Tm) Ψ(L-H(L+Ssn(Spr) L-E(t))  7,075.91 8.95 0.00 0.01 98 6,858.40 
   M(Tm) p(L+Tm) Ψ(L-H(L+t) L-E(t))  7,252.21 185.26 0.00 0.00 186 6,794.75 
Natural mortality (M)       
   M(Tm) p(L+Tm) Ψ(L-H(L+t) L-E(t))  7,539.09 0.00 0.45 1.00 275 6,779.71 
   M(L+Tm) p(L+Tm) Ψ(L-H(L+t) L-E(t))  7,540.45 1.36 0.23 0.51 276 6,777.25 
   M(.) p(L+Tm) Ψ(L-H(L+t) L-E(t))  7,541.81 2.72 0.11 0.26 274 6,786.23 
   M(Tm^2) p(L+Tm) Ψ(L-H(L+t) L-E(t))  7,542.79 3.71 0.07 0.16 276 6,779.60 
   M(Ssn) p(L+Tm) Ψ(L-H(L+t) L-E(t))  7,543.39 4.30 0.05 0.12 277 6,776.37 
   M(L) p(L+Tm) Ψ(L-H(L+t) L-E(t))  7,543.73 4.65 0.04 0.10 275 6,784.36 
   M(L+Ssn) p(L+Tm) Ψ(L-H(L+t) L-E(t))  7,544.46 5.38 0.03 0.07 278 6,773.61 
   M(L+Tm^2) p(L+Tm) Ψ(L-H(L+t) L-E(t))  7,545.82 6.73 0.02 0.03 277 6,778.80 
   M(L+Mo) p(L+Tm) Ψ(L-H(L+t) L-E(t))  7,558.89 19.80 0.00 0.00 285 6,760.89 
   M(L+t) p(L+Tm) Ψ(L-H(L+t) L-E(t))  7,868.50 329.41 0.00 0.00 364 6,722.70 
Detection (p)       
   M(L+t) p(L+Tm) Ψ(L-H(L+t) L-E(t))  8,355.24 0.00 1.00 1.00 453 6,697.28 
   M(L+t) p(L+Mo) Ψ(L-H(L+t) L-E(t))  8,384.46 29.21 0.00 0.00 462 6,665.27 
   M(L+t) p(L+Ssn) Ψ(L-H(L+t) L-E(t))  8,393.29 38.04 0.00 0.00 455 6,721.89 
   M(L+t) p(L) Ψ(L-H(L+t) L-E(t))  8,430.89 75.64 0.00 0.00 452 6,779.60 
   M(L+t) p(Tm) Ψ(L-H(L+t) L-E(t))  8,534.60 179.35 0.00 0.00 452 6,883.31 
   M(L+t) p(L+t) Ψ(L-H(L+t) L-E(t)) 9,592.02 1,236.78 0.00 0.00 628 6,212.30 
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Figures 
Figure 1. Location and outlines of Brushy Creek Lake (Webster County, IA; left) and Big Creek Lake (Polk County, IA, right) with 
spillway areas indicated by black stars. 
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Figure 2. Multistate model diagram illustrating possible states for radio-tagged adult Walleye: in lake (L; Big Creek or Brushy 
Creek), escaped to the tailrace (E), or harvested by an angler (H), as well as survival (S), detection (p), and transition (Ψ) probabilities. 
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Figure 3. Weekly detection probabilities (± 95% CI) as a function of water temperature (°C) for radio-tagged adult Walleye in Big 
Creek (grey) and Brushy Creek (black) lakes, Iowa, USA. 
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Figure 4. Weekly natural mortality probabilities (± 95% CI) as a function of water temperature (°C) for adult Walleye in Big Creek 
and Brushy Creek lakes, Iowa, USA. 
 
 
 
1
3
8
 
 
Figure 5. Weekly harvest probability estimates (± 95% CI) for adult Walleye in Big Creek and Brushy Creek lakes, Iowa, USA from 
April-July versus the rest of the year. 
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Figure 6. Weekly escapement probability estimates (± 95% CI) of adult Walleye from Brushy Creek, Iowa, USA as a function of 
mean water level (m) during April.
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Figure 7. Relative effects of natural mortality (solid), harvest (dashed), and escapement (dotted) 
on adult Walleye populations in Big Creek (right) and Brushy Creek (left) as a function of month 
and year. Single lines represent the effect of an individual source of fish loss on the Walleye 
population.
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Figure 8. Kernel density estimates of annual core and home range size (± 95% CI) for adult Walleye in Big Creek and Brushy 
Creek lakes, Iowa, USA. 
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Figure 9. Adult Walleye mean depth (± 95% CI) in Big Creek and Brushy Creek lakes, Iowa, USA in relation to season, lake, and 
year. Letters indicate significant differences across seasons, lakes, and years. 
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Figure 10. Adult Walleye minimum weekly movement rate (± 95% CI) in Big Creek and Brushy Creek lakes, Iowa, USA in relation 
to season, lake, and year. Letters indicate significant differences across seasons, lakes, and years. 
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Figure 11. Mean depth, movement rate, and core and home range sizes of adult Walleye grouped by final fate in Big Creek 
and Brushy Creek lakes, Iowa, USA. “N/A” is included for groups where a parameter could not be estimated.
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CHAPTER 5.    BEHAVIOR, ESCAPEMENT, AND MORTALITY OF ADULT 
MUSKELLUNGE IN MIDWESTERN RESERVOIRS 
Modified from a manuscript for submission to Fisheries Research 
Robert E. Weber III1 and Michael J. Weber1 
Co-authors contributed to the data collection and preparation of this manuscript 
Abstract 
Understanding fish behavior can provide important insights into mechanisms regulating 
populations. Muskellunge Esox masquinongy are highly mobile riverine fish that are commonly 
introduced to warm-water reservoirs. Large Muskellunge movements in reservoirs may result in 
escapement, reducing Muskellunge abundance whereas warm thermal conditions in these 
systems may result in mortality. However, little is known about reservoir Muskellunge behavior, 
escapement, and mortality. Our objectives were to assess Muskellunge behavior, compare 
behavior between in-lake and escaped fish, and quantify escapement and natural mortality to 
determine their effects on populations. Muskellunge were surgically implanted with radio tags in 
Big Creek and Brushy Creek lakes, Iowa, USA beginning October 2016 and tracked through 
May 2019. Telemetry data was used to estimate seasonal depth use, movement rates, annual core 
and home ranges, and proportions of tagged Muskellunge using spillway areas. Telemetry 
encounter data was analyzed using a live capture multistate model with environmental covariates 
to estimate escapement and natural mortality. Big Creek Muskellunge exhibited large 
movements in spring, while using shallow water and moving less in summer. Muskellunge in 
Brushy Creek used deeper water than in Big Creek, but depth and movement was similar across 
seasons and behavior did not differ between in-lake and previously escaped fish. In both 
reservoirs, annual core and home ranges were similar and many tagged Muskellunge used 
146 
 
 
spillway areas, with most locations during spring and summer. No escapement occurred from 
Big Creek (physical barrier on spillway) while weekly escapement estimates from Brushy Creek 
(no barrier) were up to 13%, with greater escapement occurring from May-August and at greater 
maximum reservoir levels. Natural mortality was similar between systems and increased with 
water temperature, with annual natural mortality ranging from 15-18% and escapement ranging 
from 18-54%. Our results suggest that in-lake and previously escaped Muskellunge behave 
similarly, although behavior differs between systems. Additionally, escapement can lead to 
greater loss of Muskellunge from reservoir populations than natural mortality and may be greater 
in spring and summer due to increased movement as well as use of shallow water and spillway 
areas. 
1 Iowa State University, Department of Natural Resource Ecology and Management, Ames, IA, 
50011, USA 
Introduction 
Fish behavior is an important component of understanding population ecology through its 
effects on social structure and reproductive dynamics (Jennings et al. 1997; Aday et al. 2006; 
Aday 2008), long distance migrations (Firehammer and Scarnecchia 2006; Antonio et al. 2007; 
Anderson et al. 2009; Clemens et al. 2012; Stich et al. 2015), colonization of new habitats 
(Rieman and Dunham 2000; Anderson and Quinn 2007; Carlson and Vondracek 2014; Pess et al. 
2014), and risk-taking behaviors that result in foraging (Coleman and Wilson 1998; Bell 2005; 
Hansen and Closs 2005; Harcourt et al. 2009) and reproductive (Coleman et al. 1985; Ridgway 
1989; Sargent 1997; Philipp et al. 1997; Suski and Philipp 2004) success. Within fish 
populations, subpopulations of exploratory and static individuals may exist (Funk 1957; Vokoun 
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and Rabeni 2005; Hunter et al. 2009; Roy et al. 2013; Gerber et al. 2018; Prechtel et al. 2018) 
with active behaviors promoting genetic diversity (Jackson et al. 2001; Cooke et al. 2005) and 
range expansion (Biro and Stamps 2008; Prechtel et al. 2018). Furthermore, boldness (the 
tendency to take risks) can differ among individuals, with increased boldness attributed to greater 
fish movement (Fraser et al. 2001; Kobler et al. 2009; Chapman et al. 2011), range size 
(Schradin and Lamprecht 2002; Harrison et al. 2015), reproductive success (Wiegmann and 
Bayliss 1995; Godin and Dugatkin 1996; Ballew et al. 2017) but also greater mortality (Smith 
and Blumstein 2008; Ballew et al. 2017). Behavior may vary even further among fish in artificial 
versus native environments that differ in terms of fish community, habitat, morphology, and 
water quality. Therefore, understanding fish behavior can not only inform how fishes interact 
with their environment, but also can provide insights into mechanisms regulating populations.  
Muskellunge Esox masquinongy is a riverine species (Crossman 1986), exhibiting 
extensive migrations upstream in spring while seeking spawning habitats (Gillis et al. 2010) and 
downstream in fall to overwintering areas (Crossman 1956; Younk et al. 1996). During summer 
and winter, Muskellunge in rivers reduce activity and establish distinct home ranges in shallow 
and deep-water areas (Crossman 1956; Younk et al. 1996), although more nomadic summer 
behavior has been observed prior to fall movements to overwintering habitat (Gillis et al. 2010). 
In natural lakes with native Muskellunge populations, seasonal habitat use and movement 
patterns are similar to rivers where activity is greatest during spring and fall, with restricted 
movements during summer and fall (Minor and Crossman 1978; Dombeck 1979; Strand 1986). 
Additionally, movement can be extensive among interconnected lakes, with 22-50% of 
Muskellunge recaptures occurring outside of lakes in which they were tagged (Weeks and 
Hansen 2009; Diana et al. 2015; Ward et al. 2017; Meerbeek and Weber in press).  
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The increasing popularity of and demand for Muskellunge has led to stocking outside 
their native range (Kerr 2011). In the Midwest, USA where few or no natural lakes exist, 
Muskellunge are stocked in reservoirs to provide additional angling opportunities (Kerr 2011). 
While Muskellunge display large seasonal movements in and among natural systems, these 
activities may not be possible in reservoirs, which are often smaller and may restrict long 
distance migrations. Additionally, while Muskellunge behavior in natural lakes and rivers has 
been well studied, less is known about populations in reservoirs that differ in morphology and 
available habitat (but see Weiss 2009; Wolter et al. 2013; Morrison and Warren 2015; Page and 
Lewis 2017). Muskellunge behavior in reservoirs may impact the establishment of populations, 
as large movements exhibited by native populations in rivers and large natural lakes may 
contribute to fish loss via reservoir escapement. Reservoir escapement (loss of fish over 
spillways and through dams that prohibit the return of fish back upstream) of Muskellunge can 
be high in some instances (up to 80%; Weiss 2009; Wolter et al. 2013) and result in a substantial 
loss of individuals, complicating population management (Wahl 1999). In lakes, Muskellunge 
spawn during spring in shallow areas near tributaries (Dombeck 1979; Dombeck et al. 1984) and 
can exhibit high interlake movement during periods of high water (Miller and Menzel 1986b; 
Meerbeek and Weber in press). Muskellunge then establish summer home ranges in shallow 
water (Miller and Menzel 1986a) and use deeper water during fall and winter (Dombeck 1986; 
Miller and Menzel 1986b). Muskellunge in rivers also select shallower habitats during periods of 
increased water velocity (Harrison and Hadley 1979; Brenden et al. 2006) that may lead to 
increased escapement during high water events outside of the spring and summer periods. Thus, 
adult Muskellunge escapement from reservoirs may also occur primarily during the spring (Day 
and Stevenson 1989; Weiss 2009; Wolter et al. 2013) and summer months when fish are using 
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shallow water, particularly if fish are using areas with flow near spillways. Additionally, many 
species of riverine fish have mobile and sedentary individuals within a given population (Funk 
1957), suggesting some Muskellunge may be predisposed to exhibit greater movement and be 
more likely to escape than less mobile, in-lake residents. Therefore, understanding reservoir 
Muskellunge behavior would provide insights into seasonal movement and habitat preferences in 
reservoirs where they have been introduced and may also help explain the timing and magnitude 
of reservoir escapement. 
In addition to escapement, fish are lost from populations due to mortality. Low density 
populations combined with late age of maturation (Scott and Crossman 1973; Hanson 1986) and 
longevity (Casselman et al. 1999) make Muskellunge particularly susceptible to overexploitation 
(Casselman and Crossman 1986; Frohnauer et al. 2007). However, Muskellunge harvest has 
declined in recent years due to increasingly restrictive bag and length limits (Kerr 2011) and 
changing angler attitudes, with high rates of catch-and-release (>90%; Fayram 2003; Margenau 
and Petchenik 2004; Landsman et al. 2011) particularly among specialized anglers (Gaeta et al. 
2013; Gilbert and Sass 2016; Eslinger et al. 2017; Shaw et al. 2019). Correspondingly, 
Muskellunge harvest mortality has decreased in the past few decades (Casselman et al. 2017) and 
natural mortality may be the primary factor contributing to Muskellunge loss from systems. 
Information regarding natural mortality of adult Muskellunge is limited (but see Shaw et al. 
2019; Meerbeek and Weber in press) but quantifying natural mortality is of major importance for 
Midwestern reservoirs, as systems on the southern edge of their range reach temperatures beyond 
the optimum of the species (Wagner and Wahl 2007; Cole and Bettoli 2014) and could lead to 
increased stress during angling events (Landsman et al. 2011) and mortality (Mather and Wahl 
1989). However, knowledge is limited regarding factors related to Muskellunge natural mortality 
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rates, as well as the relative influence of escapement versus mortality on adult Muskellunge 
populations.  
We conducted radio telemetry of adult Muskellunge in two central Iowa reservoirs to 
gain insight into their behavior, quantify escapement and natural mortality, and determine how 
behavior and environmental conditions are related to fish loss from these systems. Muskellunge 
depth use, movement rates, and annual core and home range size were calculated and compared 
1) among seasons and reservoirs to determine if fish exhibited seasonal behaviors that may be 
related to escapement, and 2) between in-lake and escaped Muskellunge to determine if 
previously escaped fish behaved differently than in-lake residents. Next, information from 
telemetry locations occurring near spillways in both systems was summarized to determine what 
proportion of Muskellunge use these areas as well as when fish may be susceptible to escaping. 
Finally, telemetry encounter data was combined with temperature and reservoir water level 
covariates in a multistate capture-recapture model to estimate escapement and natural mortality 
probabilities. We hypothesized that Muskellunge locations near spillways would occur primarily 
during spring and that fish would use shallow water and exhibit greater movement rates during 
this time. Consequently, we hypothesized escapement would be greatest during spring and would 
be positively related to reservoir level. During summer, we hypothesized that movement rates 
and escapement would decline relative to spring, Muskellunge would use similar depths as in 
spring, and natural mortality would increase due to high water temperatures. In fall and winter, 
we hypothesized Muskellunge would move less and use deeper water, resulting in decreased 
escapement as well as natural mortality due to cooler water temperatures. We hypothesized 
escaped Muskellunge would use shallower water and have greater movement rates and range 
sizes relative to in-lake residents. Finally, we hypothesized escapement would lead to greater 
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loss of adult Muskellunge than natural mortality. Cumulatively, our results provide valuable 
information regarding reservoir Muskellunge behavior, the magnitude of and factors related to 
escapement, and the relative effects of escapement and natural mortality on fish loss from 
reservoir populations. 
Methods 
Study Area 
Big Creek Lake is a 357-ha impoundment in Polk County, Iowa, USA (Figure 1). 
Constructed in 1969 and filled in 1972, Big Creek has undergone several renovations due to 
erosion and increased sedimentation, as the reservoir has a large watershed (~20,000 ha) that is 
mostly used for agricultural purposes. These renovations included the addition of armored 
shoreline, installation of dikes to control incoming sediment, as well as recent lake-wide 
additions of brush piles as fish habitat. Knowledge of sport fish escapement from Big Creek led 
to installation of a physical barrier in 2012; the barrier consists of eight chain–link top rails (4.06 
cm outer diameter) made of 16–gauge galvanized steel stacked horizontally with 5.08 cm gaps 
between them. Rails are attached to vertical posts set in concrete via line rail clamps, and the 
barrier has a total height of 73.66 cm (Appendix F). Big Creek has an average depth of 5.9 m, a 
maximum depth of 16.3 m, and is mostly void of natural coarse woody habitat (3 trees/100 m2). 
Big Creek contains American Pondweed Potamogeton nodosus, Coontail Ceratophyllum 
demersum, Sago Pondweed Potamogeton pectinatus, and non–native Curly–leaf Pondweed 
Potamogeton crispus but lake-wide vegetation coverage is limited. The primary prey base in Big 
Creek consists of Gizzard Shad Dorosoma cepedianum. 
Brushy Creek Lake is a 280-ha reservoir located in Webster County, Iowa, USA, 
approximately 65 km north of Big Creek (Figure 1). Much like Big Creek, the watershed for 
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Brushy Creek is large (~21,000 ha) and used for agriculture. Constructed in the late 1990s, 
Brushy Creek has an average depth of 8.8 m, a maximum depth of 22.9 m, and contains a large 
amount of coarse woody habitat throughout the lake (14 trees/100 m2). Brushy Creek contains 
American Pondweed, Coontail, Duckweed Lemna minor, Sago Pondweed, Southern Naiad Najas 
guadalupensis, Watermeal Wolffia spp., Two–leaf Watermilfoil Myriophyllum heterophyllum, 
and Water Stargrass Heteranthera dubia, in addition to non–native Brittle Naiad Najas minor 
and Curly–leaf Pondweed. The primary prey base for piscivores in Brushy Creek consists of 
centrarchids (Bluegill Lepomis macrochirus, Black Crappie Pomoxis nigromaculatus) and 
Yellow Perch Perca flavescens. 
Transmitter Implantation 
Adult Muskellunge [n=17-30 fish/system; mean TL=919 mm (range 638-1,270 mm)] 
were collected via boat electrofishing and short-term gill net sets and implanted with radio tags 
(ATS, Isanti, Minnesota; F1845, 24 g in water, 1,689 d battery life, 0.001%-1.570% body 
weight). During fall 2016 and spring 2017, 15 Muskellunge were tagged at Big Creek while 25 
were tagged at Brushy Creek. At Brushy Creek, 15 Muskellunge were captured in the reservoir 
and tagged while an additional 10 fish were captured below the spillway, tagged, and returned to 
the north end of the reservoir. Collecting and tagging Muskellunge from these two locations 
allowed us to compare behaviors of fish based on their escapement history between in-lake and 
escaped Brushy Creek Muskellunge. Although initial tagging efforts took place during fall 2016 
and spring 2017 (n=40), tags recovered from fish mortalities were redeployed throughout the 
study (n=5 at Big Creek, n=2 at Brushy Creek).  
Before surgery, tags and surgical tools were disinfected in 4% chlorhexidine and rinsed 
with distilled water (Burger et al. 1994; Harms 2005). Muskellunge were immobilized using 
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electroanesthesia (Maxtens 1000 TENS Unit) via pulsed direct current (Vandergoot et al. 2011). 
Fish were measured (TL, mm) and weighed (g) before being placed ventral side up in a mesh 
cradle with four mounted electrodes. Electrical intensity was increased slowly until Muskellunge 
were immobilized and fresh water was continuously passed over the gills during surgeries. 
Iodine ointment was applied along the linea alba, a scalpel was used to make an incision anterior 
to the pelvic girdle (Schramm and Black 1984; Clapp et al. 1990), and iris scissors were used to 
expand the incision until transmitters could be admitted into the body cavity (Hart and 
Summerfelt 1975). After insertion, a 16–gauge hypodermic needle was used to puncture the 
body wall and create an exit hole for the whip antenna. Size 2/0 Maxon sutures (Medtronic, Inc.; 
Dublin, Ireland) were used to close incisions with an interrupted cruciate suture and an additional 
single interrupted suture. After surgery, iodine ointment was applied and fish were returned to a 
recirculating fresh water tank to recover. Muskellunge were observed for approximately 20 
minutes to ensure normal behavior before being released near the surgery location.  
Radio Telemetry 
Active tracking of tagged Muskellunge occurred at each system on a weekly basis during 
open water (March-November) and bi-weekly during safe ice (January-February) seasons from 
October 2016 through May 2019. In addition to tracking within each reservoir, areas downstream 
of both spillways were scanned for escaped Muskellunge during and after high flow events. 
During tracking events, the entire perimeter of a given reservoir was slowly searched using a 3-
element folding Yagi radio antenna connected to an ATS model R4000 receiver set to scan at 
maximum gain and volume. Following initial detection, Muskellunge were approached and 
receiver gain was reduced until the tag signal was hardly noticeable at the highest volume. Water 
depth (m) and fish location were recorded when the receiver gain was at the lowest achievable 
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setting and signal strength was equal in all directions (Guy et al. 1994). When a Muskellunge had 
not moved for three or more consecutive tracking events, attempts were made to force fish 
movement. If no movement occurred, it was considered a mortality and tracking data was 
examined to determine its last live location (Wagner and Wahl 2011). 
Depth Use, Movement, and Home Range Analysis 
Depth at location (hereafter depth) and minimum weekly movement rates (m/week; 
hereafter movement rates) were calculated for each individual Muskellunge. Movement rates 
were calculated as the minimum in-water distance between two consecutive locations divided by 
weeks between locations. Movement rates were only calculated for Muskellunge located twice 
within 10 days to prevent biasing rates low for fish with infrequent locations. Similarly, winter 
movement rates were not calculated due to limited tracking and fish observations. Depths and 
movement rates were log-transformed to normalize the residuals. Generalized least squares 
models (‘gls’ function in ‘nlme’ package; Pinheiro et al. 2018) were used to test for differences 
in Muskellunge depth and movement rates, with season, reservoir, and their interaction included 
as factors. Seasons were defined as spring (March-May), summer (June-August), fall 
(September-November), and winter (December-February). Post-hoc analyses were conducted 
using package ‘emmeans’ (Lenth 2019) to compare estimated marginal means adjusted for 
multiple comparisons using the Tukey method. 
Kernel density estimation (KDE) methods were used to estimate Muskellunge annual 
core ranges (50% contour) and home ranges (90% contour; Powell 2000). This method uses fish 
locations to calculate a density function and determine a minimum area that contains a given 
percentage of the density distribution (Fuller et al. 2005). Individual Muskellunge ranges were 
estimated using the ‘kernelUD’ function in package ‘adehabitatHR’ (Calenge 2006). This 
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function estimates the utilization distribution and uses a bivariate normal kernel function to 
estimate the reference bandwidth (h): 
h = σn(-1/6) 
where n is the number of fish locations and σ = 0.5 (σx + σy), where σx and σy are the standard 
deviations of the x and y coordinates of locations for an individual Muskellunge (Calenge 2006). 
Annual core and home ranges were only estimated for Muskellunge with a minimum of 10 
locations within a given year. Analysis of variance (ANOVA) was used to test differences in 
Muskellunge core and home ranges between reservoirs and years. Statistical analyses were 
conducted using Program R version 3.5.2 (R Core Team 2018) and were considered significant 
at α = 0.05. Finally, habitat selection analysis was conducted to determine if Muskellunge were 
exhibiting seasonal selection of substrate types (Cummins 1962; Bain and Stevenson 1999) or 
coarse woody habitat complexities (Mallory et al. 2000) in Big Creek or Brushy Creek. Manly’s 
habitat selection ratios were calculated using the ‘widesI’ function in package ‘adehabitatHS’ 
(Calenge 2006) to determine whether Muskellunge were using specific habitat types in greater 
proportions than their availability, signifying selection (Manly et al. 2002). Supplementary 
information regarding substrate and coarse woody habitat complexity selection by Muskellunge 
is included in Appendix E. 
Brushy Creek Group Comparison 
Part of our objectives were to determine whether behavior (depth, movement rates, core 
and home ranges) differed between Muskellunge that had never left Brushy Creek compared to 
those that had escaped and were captured in the spillway and returned to the reservoir. Similarly, 
we tested for differences in behavior based on Muskellunge fate at the conclusion of the study, as 
some fish remained in Brushy Creek the duration of the study while others escaped. Thus, 
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behavior data for Muskellunge in Brushy Creek was divided based on fish collection location 
(lake or spillway) as well as fish location at the conclusion of the study (lake or escaped) 
resulting in four groups for analysis: lake-lake, lake-escaped, spillway-lake, and spillway-
escaped. Depth and movement rates were averaged for individual Muskellunge over the duration 
of the study and, in addition to annual core and home ranges, were analyzed using the 
aforementioned methodology to test for differences in behavior between Brushy Creek 
Muskellunge groups. 
Spillway Area Use 
Using ArcGIS, a 400 m buffer was created around the spillway at each reservoir, and 
Muskellunge telemetry locations that occurred within the buffer were compiled. This distance 
was chosen because: 1) it encompasses the entire spillway area at Big Creek, which is separated 
from the main basin by a shallow canal (see Figure 1) and 2) minimum weekly movement rates 
averaged ~400 m/week during most seasons in both lakes, suggesting that Muskellunge within 
this buffer were at risk of escapement. Data was quantified to determine proportional use of 
spillway areas across seasons, proportion of tagged Muskellunge in a system located in these 
areas, as well as if Muskellunge using these areas escaped or remained in-lake. 
Capture-Recapture Analysis 
 Individual Muskellunge live encounter histories were created using radio telemetry data 
and analyzed in Program MARK (White and Burnham 1999) using a live capture multistate 
model to generate maximum-likelihood estimates of survival (S), detection (p), and transition 
(Ψ) probabilities (White et al. 2006). This model is an extension of the Cormack-Jolly-Seber 
(CJS) live recapture model but can be applied to multiple areas, providing estimates of survival 
and detection for each area. Assumptions for live recapture multistate models are that: 1) tagged 
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individuals are representative of the population, 2) the number of individuals tagged is known, 3) 
collecting and tagging individuals does not affect survival, 4) recaptures and releases are made 
within brief time periods relative to the time interval for estimates, 5) recaptures do not affect 
subsequent survival or detection, 6) fates of tagged individuals are independent, 7) individuals in 
a cohort have the same survival and detection probability for each time interval, and 8) all tagged 
individuals are available to be detected (White et al. 2006).  
Our model structure included two states where Muskellunge could be detected: alive 
within their respective lakes (L; Big Creek and Brushy Creek) or escaped to their respective 
tailraces (E; Figure 2). We estimated transition probability from lake to escaped (Ψ L-E; 
escapement probability) while the probability of transitioning from escaped to lake was illogical 
and was fixed to zero. Two radio-tagged Muskellunge were physically recaptured in the Brushy 
Creek spillway during spillway sampling events and returned to the reservoir. In these situations, 
Muskellunge were returned to the reservoir, the encounter history of this fish was censored, and 
the fish was entered in the capture-recapture dataset, allowing for continued use of this 
individual in the dataset without biasing survival, detection, or escapement estimates (Weber et 
al. 2013). Detection probability of escaped Muskellunge at Brushy Creek in the spillway was 
fixed to one, as radio-tagged Muskellunge were also implanted with passive integrated 
transponder (PIT) tags, a PIT antenna array was present on the spillway, the spillway basin and 
downstream areas were frequently checked for radio tags, and no Muskellunge that escaped went 
undetected. Similarly, because no radio-tagged Muskellunge escaped from Big Creek during the 
study, escapement probability at Big Creek was fixed to zero during all periods.  
We developed a set of a priori hypotheses to evaluate factors that may influence 
Muskellunge survival, detection, and escapement probabilities, including the effect of system 
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(Big or Brushy), month, season (spring, summer, fall, winter), water temperature, and a number 
of weekly reservoir level metrics (mean, minimum, maximum, coefficient of variation). These 
metrics were included in our hypotheses as Muskellunge escapement has previously been linked 
to precipitation events and water levels in flow-over outlet systems (Day and Stevenson 1989; 
Weiss 2009; Wolter et al. 2013; Morrison and Warren 2015; Meerbeek and Weber in press). 
Reservoir levels were monitored using HOBO® U20 water level loggers (Onset Computer 
Corporation; Bourne, Massachusetts, USA) with one logger mounted below the surface and a 
second mounted above-ground to measure changes in barometric pressure. Pressure was 
recorded every 30 minutes and processed using the Barometric Compensation Assistant in 
HOBOware Pro 3.7.14 (Onset Computer Corporation; Bourne, Massachusetts, USA). Metrics 
are presented in relation to normal reservoir elevation, with positive values indicating levels 
above normal. Due to the large number of potential model structures for survival, detection, and 
escapement parameters, running all combinations was infeasible. As an alternative, we used a 
hierarchical modeling approach (Doherty et al. 2012) and generated a model set for which the 
structure within survival (variation among systems and time) and lake to escaped transition 
(variation through time at Brushy) was held constant while the effects of system, month, season, 
and water temperature on detection probability were evaluated. After determining the best 
supported structure for detection probabilities, it was retained while evaluating various effect 
combinations for survival. Likewise, the best supported structure for survival was held constant 
while the effects of system, month, season, water temperature, and reservoir level metrics on 
escapement probabilities were assessed. Hypotheses were stated in model form in Program 
MARK and compared using Akaike’s Information Criterion corrected for small sample size 
(AICc; Burnham and Anderson 2002), as there is currently no reliable goodness-of-fit statistic for 
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multistate models (Conn et al. 2004). Akaike weights (Wi) were also calculated to address 
potential uncertainty concerning the selection of the top model (Burnham and Anderson 2002). 
Finally, after the most supported model was identified, survival estimates were converted to 
natural mortality (natural mortality = 1 – true survival) to standardize comparisons of fish loss 
between mortality and escapement. 
Weekly escapement and natural mortality estimates from our top capture-recapture 
multistate model were applied to a theoretical population of 100 adult Muskellunge to determine 
how these two factors contribute to fish loss from reservoirs on an annual basis. A theoretical 
population of 100 Muskellunge was chosen as it corresponds to 0.11 and 0.14 adult 
Muskellunge/acre in Big Creek and Brushy Creek, respectively, which fall within the range of 
target densities identified by the Iowa DNR (Meerbeek 2014). Estimates were applied from 
November 2016 through November 2018, as our dataset only contained two complete years of 
telemetry data. While our models detected no difference in survival between reservoirs, water 
temperature varied between systems, leading to system-specific natural mortality estimates. 
Results 
Radio Telemetry 
A total of 47 adult Muskellunge were implanted with radio tags from fall 2016 to spring 
2019, resulting in 1,302 individual locations (747 in Big Creek, 555 in Brushy Creek) with an 
average of 28 locations (SD = 20.7) per individual (Table 1). Of the 47 tagged Muskellunge, one 
was never relocated in-lake after being released in Brushy Creek in spring 2017; however, this 
fish was detected four weeks after tagging on the PIT antenna array when it escaped. A total of 
14 of 30 (47%) radio-tagged Muskellunge escaped Brushy Creek during the study: two in 2017, 
11 in 2018, and one in 2019. Of the 14 Muskellunge that escaped Brushy Creek, eight of 20 
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(40%) fish collected from Brushy Creek escaped while six of 10 (60%) fish collected from the 
spillway escaped a second time. Two Muskellunge tagged in Brushy Creek escaped, were 
captured during spillway sampling and returned to the reservoir, after which they escaped a 
second time, for a total of 16 escapement events. Of the 16 escapement events, 13 (81%) 
occurred during May and June, with two events (13%) in August and one (6%) in October 
(Figure 3). Most Muskellunge escaped from Brushy Creek during low light hours, with 75% of 
escapement events occurring between 20:00 and 07:00 (Figure 4). In addition, there were nine 
confirmed Muskellunge mortalities, three in Big Creek and six in Brushy Creek. 
Depth Use, Movement, and Home Range 
Muskellunge depth varied among reservoirs (F1,1226 = 238.03, P < 0.0001), seasons 
(F3,1226 = 15.92, P < 0.0001), and the reservoir-season interaction (F3,1226 = 21.65, P < 0.0001). In 
Big Creek, depth was similar in spring (mean = 2.26 m, SE = 0.11) and fall (mean = 2.2 m, SE = 
0.10) but Muskellunge used shallower depths during summer (mean = 1.46 m, SE = 0.07) and 
deeper depths during winter (mean = 5.27 m, SE = 0.66; Figure 5). Conversely, Muskellunge 
depth was similar among seasons in Brushy Creek (Figure 5). Muskellunge movement rates also 
differed by season (F2,756 = 41.44, P < 0.0001) and the reservoir-season interaction (F2,756 = 
19.97, P < 0.0001) but did not differ between reservoirs (F1,756 = 0.36, P = 0.55). Movement rates 
in Big Creek were greatest during spring (mean = 831 m/week, SE = 88) followed by fall (mean 
= 392 m/week, SE = 37) and summer (mean = 156 m/week, SE = 17; Figure 5). In Brushy Creek, 
movement rates were similar among seasons (Figure 5).  
A total of 52 annual core and home ranges were estimated for Muskellunge located at 
least 10 times during a given year: 13 in Big Creek in 2017, 11 in Big Creek in 2018, and 14 in 
Brushy Creek during 2017 and 2018. Core ranges did not differ among reservoirs (F1,48 = 0.48, P 
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= 0.49), years (F1,48 = 0.04, P = 0.85), or the reservoir-year interaction (F1,48 = 0.004, P = 0.95). 
Similarly, home ranges did not differ among reservoirs (F1,48 = 0.77, P = 0.38), years (F1,48 = 
0.07, P = 0.79), or their interaction (F1,48 = 0.90, P = 0.35). Although differences were not 
significant, Muskellunge in Big Creek had smaller mean core (mean = 113 ha, SE = 14) and 
home ranges (mean = 219 ha, SE = 19) relative to Brushy Creek core (mean = 127 ha, SE = 13) 
and home ranges (mean = 241 ha, SE = 18; Figure 6). 
Brushy Creek Group Comparison 
Depth of Brushy Creek Muskellunge did not differ among groups (F3,489 = 1.55, P = 
0.20), seasons (F3,489 = 1.19, P = 0.31), or their interaction (F9,489 = 1.11, P = 0.35; Figure 7). 
Similarly, no difference was detected in movement rates between groups (F3,219 = 1.24, P = 
0.30), seasons (F3,219 = 0.73, P = 0.54), or the interaction (F9,219 = 0.74, P = 0.67). Although not 
significant, movement rates were ~1.5 to 2 times greater for spillway-lake (mean = 516 m/week, 
SE = 216) Muskellunge compared to spillway-escaped (mean = 363 m/week, SE = 144), lake-
lake (mean = 330 m/week, SE = 119), and lake-escaped groups (mean = 225 m/week, SE = 59; 
Figure 7). Core range size did not differ among groups (F3,20 = 2.23, P = 0.12), years (F1,20 = 
0.06, P = 0.82), or their interaction (F3,20 = 1.98, P = 0.15) but were numerically smallest for 
lake-lake (mean = 103 ha, SE = 16), intermediate for spillway-escaped (mean = 126 ha, SE = 23) 
and spillway-lake (mean = 130 ha, SE = 29), and largest for lake-escaped Muskellunge (mean = 
173 ha, SE = 23; Figure 7). Likewise, no difference in Muskellunge home range size was 
detected between groups (F3,20 = 1.13, P = 0.36), years (F1,20 = 0.31, P = 0.59), or their 
interaction (F3,20 = 2.12, P = 0.13). Home ranges, like core ranges, were smallest for lake-lake 
(mean = 217 ha, SE = 23), intermediate for spillway-escaped (mean = 239 ha, SE = 32) and 
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spillway-lake (mean = 244 ha, SE = 40), and largest for lake-escaped fish (mean = 286 ha, SE = 
32; Figure 7). 
Spillway Area Use 
Eight of 17 (47%) tagged Muskellunge were detected in the Big Creek spillway area, but 
only 3% of all Muskellunge locations occurred in the spillway area. In Big Creek, 92% of 
spillway locations were during spring, with the majority occurring in April (54%) and May 
(27%); however, Muskellunge were also located near the spillway in June (one location) and 
November (one location; Figure 8). Additionally, all eight Muskellunge located near the spillway 
had at least one location in the area during spring. In Brushy Creek, 21 of 30 (70%) of 
Muskellunge and 14% of locations in Brushy Creek were located near the spillway. Spillway 
locations at Brushy Creek were more evenly distributed across seasons, with most occurring in 
summer (40%) followed by spring (36%), fall (15%), and winter (9%; Figure 8). May and June 
accounted for 40% of spillway area locations, with 79% occurring from April through 
September. More than half of all tagged Brushy Creek Muskellunge (16 of 30; 53%) had at least 
one location near the spillway during spring, while 13 (43%) had a location there during 
summer. Of the Muskellunge located near spillways, none escaped from Big Creek while 13 of 
21 (62%) escaped from Brushy Creek, representing 81% of tagged Muskellunge escapement 
events during the study. Mean linear distance of Muskellunge from the spillway the week prior 
to escapement was 2,256 m (± 612 m; 95% CI) whereas the mean distance from the spillway of 
Muskellunge that did not escape during the study was 1,809 m (± 114 m; 95% CI). 
Capture-Recapture 
 Eight models were compared to determine the best structure for estimating Muskellunge 
detection probabilities, with the top ranked model receiving strong support (Wi = 1.00) while the 
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other nine models were not supported (∆AICc > 33, Wi = 0.00; Table 2). Detection varied among 
systems, with greater detection probabilities in Big Creek than Brushy Creek (β = 1.296; 95% CI 
= 1.113 to 1.479). Detection probabilities also varied among months, with detection for both 
systems being greatest during April and lowest during June. Detection probability estimates 
ranged from 0.54 to 0.82 in Big Creek and 0.24 to 0.55 in Brushy Creek (Figure 9).  
Seven models were evaluated for estimating survival probability, with the most supported 
structure including the effect of water temperature (Table 2). Muskellunge survival decreased 
with increasing temperature (β = -0.139; 95% CI = -0.236 to -0.040) and weekly mortality 
estimates varied from 0.001 to 0.015, with the lowest and highest estimates occurring at 
temperatures of 1.3°C and 28.4°C, respectively (Figure 10). The second ranked model included 
the effect of system on survival but received little support (∆AICc = 2.33, Wi = 0.23) while 
models ranked third and greater received no support (∆AICc > 8.00, Wi < 0.01 ; Table 2). 
After the optimal structures for detection and survival were determined, nine models 
were compared to evaluate factors related to Muskellunge escapement. The top model indicated 
that weekly escapement probabilities at Brushy Creek were best explained by weekly maximum 
reservoir level prior to a tracking event, with different relationships between escapement and 
maximum water level in May through August versus the rest of the year (Table 2). The second 
ranked model included only the effect of weekly maximum reservoir level on escapement but 
received very little support (∆AICc = 3.94, Wi = 0.14). Similarly, while the effects of other 
reservoir level metrics were incorporated into the model set, they received no support, with the 
next best (weekly mean reservoir level) ranking fourth among escapement models (∆AICc = 
6.16, Wi = 0.05; Table 2). Weekly maximum reservoir level was positively related to 
Muskellunge escapement probability (β = 4.229; 95% CI = 2.140 to 6.318) and was greater from 
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May through August than the rest of the year, although the slope did not differ from zero (β = 
1.816; 95% CI = -0.237 to 3.869). In May through August, weekly escapement probability 
ranged from 0.006 to 0.139 at weekly max reservoir levels of 0.005 m and 0.75 m, respectively, 
while escapement probability ranged from 0.001 to 0.010 at levels of 0.005 m and 0.56 m during 
the rest of the year (Figure 11).  
Weekly escapement and natural mortality probabilities from our top model were applied 
to a theoretical population of 100 adult Muskellunge in both reservoirs to determine how these 
two factors contribute to fish loss from reservoirs on an annual basis. Annual natural mortality in 
Big Creek was estimated at 15.4% (95% CI = 7.9% to 31.0%) from November 2016 to 
November 2017 and 18.2% (95% CI = 9.0% to 37.2%) from November 2017 to November 2018. 
Estimates were similar at Brushy Creek, with natural mortality estimated at 17.9% (95% CI = 
8.7% to 36.8%) from November 2016 to November 2017 and 16.5% (95% CI = 8.1% to 34.4%) 
from November 2017 to November 2018. While mortality was similar between systems and 
years, annual estimates of escapement at Brushy Creek were more variable. Annual escapement 
from November 2016 to November 2017 was estimated at 18.0% (95% CI = 9.6% to 42.8%) and 
53.7% (95% CI = 35.8% to 79.1%) from November 2017 to November 2018 (Figure 12). 
Discussion 
 Several factors are influential in regulating reservoir sport fish populations and, though 
not often considered, escapement can significantly contribute to fish loss from these systems. 
Muskellunge is a long-lived, large-bodied predator that exists in low densities and has limited 
natural reproduction in many areas, and loss of individuals via escapement can lead to drastic 
declines in abundance. Muskellunge research has historically been conducted on natural lakes 
and rivers, while less is known about reservoir populations (but see Weiss 2009; Wolter et al. 
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2013; Morrison and Warren 2015; Page and Lewis 2017). Understanding Muskellunge behavior 
in reservoirs is necessary to better understand seasonal habitat use and movements, which may 
provide insight into reservoir escapement and factors regulating abundance.  
Muskellunge behavior has been well-studied in many native populations but may differ in 
artificial systems with stocked populations. We observed depth use that varied temporally in Big 
Creek, with Muskellunge using shallower water during warmer seasons and deep-water areas 
during fall and winter. On the contrary, Muskellunge at Brushy Creek were located in deeper 
during all seasons except winter and used similar depths year-round. The use of greater depths in 
Brushy Creek may be inherent, as the average depth of Brushy Creek is ~3 m deeper than Big 
Creek. Seasonal trends in depth and movement at Big Creek are comparable to observations 
from studies in Iowa (Miller and Menzel 1986a), Minnesota (Younk et al. 1996), and Wisconsin 
(Dombeck 1979) where Muskellunge used shallow water during spring and summer, deeper 
water during fall and winter, and exhibited large movements during spring and fall while 
summer movement was limited. Differences in habitat availability between systems may be 
responsible for variable movement rates, as complex habitat is abundant in Brushy Creek and 
limited in Big Creek. Muskellunge associate with wood and vegetation throughout the year 
(Minor and Crossman 1978; Dombeck 1979; Dombeck et al. 1984; Dombeck 1986; Miller and 
Menzel 1986a) and fish in Brushy Creek do not need to move as far to find these preferred 
habitats. Additionally, centrarchids and Yellow Perch use similar habitats (Newbrey et al. 2005) 
as those used by Muskellunge and are the primary forage base in Brushy Creek. Juvenile 
Muskellunge were more efficient at foraging near coarse woody habitat than in open 
environments (DeBoom and Wahl 2013) and decreased efficiency may lead to increased 
movement rates. As Big Creek has less available complex habitat, predator-prey interactions may 
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be widely distributed throughout the reservoir (Sass et al. 2006), helping to explain the greater 
movement rates during spring and fall. Other studies have found increased movement rates of 
Walleye Sander vitreus (Blackwell 2001; Chapter 4) and Yellow Perch (Bauer et al. 2009) in 
simple versus complex systems. Kobler et al. (2009) observed greater activity in Northern Pike 
Esox lucius in open water versus littoral areas with vegetation; however, growth rates were the 
same, suggesting that active foraging resulted in greater prey consumption. Muskellunge and 
other esocids are ambush predators (Scott and Crossman 1973; New et al. 2001; Juanes et al. 
2002) but may exhibit greater movement in systems lacking complex habitat as a result of less 
concentrated prey. Despite differences in movement rates, Muskellunge had similar core and 
home ranges between systems and used large portions of both systems during a given year.  
Contrary to our hypothesis, no differences in behavior were detected between in-lake and 
previously escaped Muskellunge in Brushy Creek. Weber et al. (2013) found no evidence that 
the number of times a Walleye had escaped from Rathbun Lake, Iowa influenced escapement 
probability; however, only fish that had already escaped were tagged, while a subpopulation of 
sedentary fish may have existed in the reservoir. We implanted in-lake and previously escaped 
Muskellunge and monitored their behavior but found no evidence to support differences in 
movement rates or range size. Vokoun and Rabeni (2005) detected differential movements 
among Flathead Catfish Pylodictis olivaris in Missouri streams, with linear home ranges 
differing nearly 1,000-fold between tagged individuals. Similar patterns have been observed for 
Atlantic Salmon Salmo salar (Roy et al. 2013), Blue Catfish Ictalurus furcatus (Hunter et al. 
2009; Gerber et al. 2018), and Silver Carp Hypophthalmichthys molitrix (Prechtel et al. 2018), 
with populations consisting of highly mobile individuals as well as others that exhibited little 
movement. During our study, 40% of in-lake and 60% of spillway Muskellunge escaped, 
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although two in-lake fish were returned to the reservoir and escaped a second time. While 
escapement was greater for spillway Muskellunge, the difference between groups was slight and 
a large proportion of each group was lost. Additionally, while populations can contain mobile 
and sedentary individuals, other studies have found that fish switch between behavioral modes 
(Harcup et al. 1984; Knaepkens et al. 2004), suggesting that movement behavior is adaptive 
depending on environmental conditions (Gowan et al. 1994). Altogether, our results combined 
with prior information suggests that individual Muskellunge may switch between mobile and 
sedentary behaviors and, as a species, are susceptible to seasonal escapement due to their mobile 
nature.  
A high proportion of Muskellunge were located near spillways during spring, making 
them vulnerable to escapement from the reservoir. The majority of Muskellunge escapement also 
occurred during late spring and early summer, with 81% of escapement events occurred during 
May and June. However, telemetry locations near the spillway made up only 3% of all 
Muskellunge locations at Big Creek, while 14% of Brushy Creek locations were in the spillway 
area. Differences between systems may be due to morphometric differences between reservoirs; 
the spillway at Brushy Creek is located on the dam, while the Big Creek spillway is separated 
from the main basin via a canal that may restrict movement between the reservoir and spillway 
area, leading to lower escapement probabilities (Figure 1). The timing of spillway area use could 
be due to spawning behavior, as Muskellunge exhibit large spring movements (Dombeck 1979, 
1986; Miller and Menzel 1986a) while lake-wide movement may be limited during other 
seasons. Additionally, spawning generally occurs in shallow water near tributaries (Scott and 
Crossman 1973; Dombeck 1979; Dombeck et al. 1984) that may be simulated by the Big Creek 
canal, channeling water and creating flow into the spillway area following precipitation events.  
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Nearly half of tagged Muskellunge in Brushy Creek escaped the reservoir, including 
more than 60% of the fish located near the spillway, indicating escapement can be a major 
source of fish loss that can result in declines in abundance. Annual escapement estimates from 
Brushy Creek ranged from 18.0-53.7%, with greater escapement occurring from May-August. 
No escapement occurred from Big Creek where Muskellunge spent less time near the spillway 
and where a physical barrier was in place. Other studies observed similar timing of escapement 
events, with 25% of Muskellunge leaving an Illinois reservoir from March-May (Wolter et al. 
2013) and 80% escaping from a Minnesota reservoir during April and May (Weiss 2009). 
Escapement was positively related to maximum reservoir level, with over 13% weekly 
escapement probability at a maximum reservoir level of 0.75 m in late June 2018, although 
escapement was still observed with maximum levels as low as 0.11 m. Day and Stevenson 
(1989) reported that >6% of Muskellunge escaped from Clear Fork Reservoir, Ohio, USA during 
a four year period, with escapement taking place during April and May when water levels were 
greater than 0.3 m. Morrison and Warren (2015) found 29% escapement of Muskellunge from 
North Bend Lake, West Virginia, over a 45-month period, with all escapement occurring when 
reservoir levels were at least 0.31 m above normal pool. However, they found over half of all 
escapement was during winter months whereas the latest we observed Muskellunge escaping was 
in October. The difference in timing of escapement events among studies is likely due to 
variation in climate; West Virginia is at a lower latitude than Iowa and has warmer water 
temperatures as well as limited ice cover during winter. Although we documented Muskellunge 
escapement occurring outside of May-August, weekly estimates outside of this period were 
extremely low; the lowest estimate from May-August and highest estimate from the rest of the 
year were 0.006-0.010. However, the estimate from May-August occurred at a maximum 
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reservoir level of 0.005 m, while the estimate for the rest of the year was at a level of 0.56 m. 
These estimates indicate that, in addition to high reservoir levels, there is a strong seasonal 
component to Muskellunge escapement. Weekly escapement of Walleye from Brushy Creek 
ranged from 3-29% and was positively related to weekly mean water level during April, with all 
escapement events over a 3-year period occurring during April (Chapter 4). Similarly, Weber 
and Flammang (2019) found annual Walleye escapement from a large, bottom-draw reservoir 
was positively related to mean April discharge. In addition, escapement was low (2-10%) during 
years with less than 200 days of discharge greater than 14 m3/s but increased exponentially when 
discharge was greater than 14 m3/s for more than 235 days (Weber and Flammang 2019). This 
suggests that water levels have a similar effect on escapement for both species, with exponential 
increases when discharge/water levels surpass a given threshold. While season appears to have a 
significant influence on escapement from spillway reservoirs, the window over which Walleye 
escapement occurred was very limited (Chapter 4); meanwhile, Muskellunge escapement was 
greatest during late spring and early summer but also occurred during other times of the year.  
This spatiotemporal variation in Muskellunge escapement among reservoirs throughout the 
United States demonstrates the importance of understanding how behavior and environmental 
conditions relate to escapement in different locations, as this information is necessary for 
sustainable management of reservoir Muskellunge populations. 
Muskellunge in Big Creek were located near the spillway area, used shallow water, and 
exhibited large movements during spring, behaviors that have been hypothesized to increase 
escapement. Despite these behaviors, no tagged Muskellunge escaped during the study, 
suggesting that the physical barrier is effective at preventing escapement. Previous research also 
found no escapement of adult Walleye from Big Creek, while weekly estimates at Brushy Creek 
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were up to 29% at increased spillway levels, providing further support for the effectiveness of 
the barrier (Chapter 4). Other nonphysical barrier types (i.e., acoustic, bubble, electric, strobe 
light) have reduced, but not stopped, escapement of sport fish from reservoirs (Flammang et al. 
2014; Weber et al. 2016). The physical barrier evaluated here appears more effective than 
previously evaluated barriers, is relatively easy to install and maintain, and does not require 
electricity, making it a cost-effective option for reducing escapement and improving reservoir 
fish populations. 
While escapement was an important source of Muskellunge loss in Brushy Creek, fish are 
more conventionally lost from populations through harvest and natural mortality. Historically, 
harvest of Muskellunge was variable but significant, ranging from 5.4-15.0% in Iowa 
(Christianson et al. 1988), New York (Bimber and Nicholson 1981), and Virginia (Brenden et al. 
2007) to greater than 25% in Kentucky (Brewer 1980; Axon 1981), West Virginia (Miles 1978), 
and Wisconsin (Hanson 1986; Hoff and Serns 1986; Cornelius and Margenau 1999). In Escanaba 
Lake, Wisconsin, annual estimates of natural and discard mortality were 4.9 ± 5.9% and 9.2 ± 
11% during periods of low and high exploitation, suggesting that decreased harvest led to lower 
natural mortality and increased population stability (Shaw et al. 2019). Today, Muskellunge 
harvest is minimal in many areas due to conservative harvest regulations and prevalent catch and 
release practices (Margenau and Petchenik 2004; Kerr 2011; Landsman et al. 2011; Gaeta et al. 
2013). Nine tagged Muskellunge were captured and reported by anglers (four at Big Creek, five 
at Brushy Creek) but none were reported harvested and all were located multiple times alive 
following capture, suggesting that delayed mortality was not an issue in this study. Mortality 
ranged from 15.4-18.2% in Big Creek and Brushy Creek, similar to findings in Ontario (24%; 
Muir 1964), Virginia (12.6%; Brenden et al. 2007), and other Iowa lakes (10-22%; Meerbeek 
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and Weber in press). We identified a positive relationship between Muskellunge mortality and 
water temperature, with mortality being greatest during July and August. The optimum 
temperature for Muskellunge is 23-24°C (Cook and Solomon 1983) with reduced activity 
observed at temperatures greater than 25°C (Landsman et al. 2015) and 27°C (Dombeck 1979), 
likely due to thermal stress. In our study, temperatures exceeded the optimal range for this 
species during July and August that may have contributed to increased mortality. Alternatively, 
Muskellunge angling pressure and opportunities have increased substantially in the past few 
decades (Simonson and Hewett 1999; Perrion and Koupal 2017) and catch-and-release fishing 
can lead to angling mortality, particularly when water temperatures are above the thermal 
optimum of Muskellunge. Although no catch and release mortality was observed, Muskellunge 
glucose and lactate concentrations increase after being caught, and fish exhibit greater 
physiological disturbance after release at greater water temperatures (Landsman et al. 2011), 
suggesting catch and release mortality could increase at high water temperatures.  
Our results provide valuable insight into seasonal behavior, escapement, and mortality of 
reservoir Muskellunge populations. In both systems, a large proportion of tagged Muskellunge 
were located near spillways throughout the year, with most locations in these areas occurring 
during spring and summer. Nearly half of tagged Muskellunge at Brushy Creek escaped during 
the study, while none escaped from Big Creek, suggesting that physical barriers may be an 
effective management strategy for preventing fish loss. Differences in behavior were detected 
across seasons in Big Creek as well as between reservoirs, but no differences were detected 
between in-lake and previously escaped fish. Additionally, range sizes did not differ between 
systems, with most Muskellunge having expansive ranges during a given year. Our model results 
showed that natural mortality is greatest at high water temperatures and that escapement can be a 
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major source of Muskellunge loss, primarily from May through August when reservoir levels are 
high. Casselman et al. (2017) proposed that a 2% increase in mortality (and other sources of loss, 
including escapement) of a trophy population would require recruitment (via natural 
reproduction or stocking) to double in order to maintain the number of trophy-sized fish, 
highlighting the importance of understanding, quantifying, and mitigating sources of loss for 
reservoir Muskellunge populations.  
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Tables 
Table 1. Summary information for adult Muskellunge implanted with radio transmitters in 
Big Creek (n=17) and Brushy Creek (n=30) lakes, Iowa, USA. Fish IDs ending in “_2” 
indicate tags that were recovered and implanted in new Muskellunge. Final fates of 
“Escaped(2)” indicate tagged Muskellunge that were captured during spillway sampling and 
were returned to the reservoir, after which they escaped a second time. Final fate was 
determined during the final five tracking events. 
Lake Fish ID 
TL 
(mm) 
Weight 
(g) 
Tagging 
date 
Total 
detections 
Final 
detection 
Final fate 
Big 150.862 904 7,160 4/2/2017 56 5/30/19 Alive 
Big 150.901 980 9,300 4/2/2017 32 5/18/18 Missing 
Big 150.922 904 5,960 4/5/2017 3 4/25/17 Dead 
Big 150.942 907 6,200 4/6/2017 31 6/3/18 Dead 
Big 150.942_2 916 6,380 4/9/2019 7 5/30/19 Alive 
Big 150.982 724 2,800 4/4/2017 77 5/30/19 Alive 
Big 151.002 973 7,600 4/2/2017 54 5/20/19 Alive 
Big 151.042 1,036 10,800 4/6/2017 59 5/20/19 Alive 
Big 151.123 785 3,840 4/4/2017 62 5/20/19 Alive 
Big 151.143 1,024 9,920 4/6/2017 48 5/30/19 Alive 
Big 151.202 930 6,100 4/5/2017 61 5/30/19 Alive 
Big 151.242 1,014 9,700 4/6/2017 60 5/30/19 Alive 
Big 151.281 937 6,380 4/5/2017 33 5/9/18 Missing 
Big 151.343 1,036 9,180 4/6/2017 60 5/30/19 Alive 
Big 151.382 1,194 15,200 4/2/2017 4 5/3/17 Dead 
Big 151.382_2 803 3,842 4/16/2018 39 5/30/19 Alive 
Big 151.443 765 3,600 4/4/2017 61 5/15/19 Alive 
Brushy 148.682 1,034 7,920 4/27/2017 27 8/21/18 Escaped 
Brushy 148.711 884 5,060 4/27/2017 2 5/17/17 Escaped 
Brushy 148.741 881 4,460 4/9/2017 17 6/20/18 Escaped 
Brushy 148.772 1,014 7,700 4/9/2017 37 5/31/19 Alive 
Brushy 148.802 831 3,900 4/8/2017 15 5/3/18 Escaped(2) 
Brushy 148.832 765 2,766 4/8/2017 29 4/29/19 Alive 
Brushy 148.861 902 5,160 4/27/2017 50 5/31/19 Alive 
Brushy 148.892 806 3,100 4/8/2017 9 5/6/18 Escaped 
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Table 1 (continued) 
Lake Fish ID 
TL 
(mm) 
Weight 
(g) 
Tagging 
date 
Total 
detections 
Final 
detection 
Final fate 
Brushy 148.924 888 4,860 4/8/2017 29 5/31/19 Alive 
Brushy 148.954 912 5,140 4/9/2017 13 10/22/17 Dead 
Brushy 150.882 922 7,000 11/2/2016 29 5/13/19 Alive 
Brushy 150.961 638 1,532 11/2/2016 11 7/18/17 Dead 
Brushy 151.021 940 6,080 11/15/2016 13 5/4/18 Escaped 
Brushy 151.062 907 4,900 11/15/2016 15 5/17/18 Missing 
Brushy 151.082 1,270 14,700 10/13/2016 17 6/24/18 Escaped 
Brushy 151.100 940 6,780 11/15/2016 22 8/30/18 Dead 
Brushy 151.162 897 5,060 11/15/2016 15 6/20/18 Escaped 
Brushy 151.181 958 8,000 11/2/2016 32 5/31/19 Alive 
Brushy 151.222 813 3,700 11/15/2016 5 5/2/17 Escaped 
Brushy 151.262 1,085 13,500 11/2/2016 2 6/1/17 Dead 
Brushy 151.301 988 7,380 11/15/2016 23 7/16/18 Dead 
Brushy 151.323 785 2,915 11/11/2016 44 8/10/18 Escaped 
Brushy 151.363 1,003 10,000 11/2/2016 7 6/15/17 Dead 
Brushy 151.403 940 5,720 11/15/2016 20 5/3/18 Escaped 
Brushy 151.422 859 4,300 4/9/2017 13 6/21/18 Escaped 
Brushy 148.954_2 895 4,962 4/22/2018 33 5/31/19 Alive 
Brushy 150.961_2 1,100 N/A 10/2/2017 12 6/22/18 Escaped(2) 
Brushy 151.100_2 822 4,500 4/15/2019 5 5/31/19 Alive 
Brushy 151.301_2 852 3,962 4/15/2019 5 5/31/19 Alive 
Brushy 151.422_2 810 3,838 4/15/2019 4 5/20/19 Escaped 
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Table 2. Akaike’s Information Criterion (AICc), ΔAICc (the difference in AICc values between the best model and other models), 
AICc weight (Wi), number of parameters (K), and deviance of multistate models used to estimate weekly survival (S), detection 
(p), and escapement (Ψ L-E) probabilities of adult Muskellunge in Big Creek and Brushy Creek lakes, Iowa, USA from October 
2016 through May 2019. Effects included variation among time (t), lakes (Lk), seasons (Ssn; spring, summer, fall, winter), months 
(Mo; three letter abbreviation), and mean water temperature (Tmp). Models also included the effect of various lake level metrics 
(maximum (Max), minimum (Min), mean (Mean), and coefficient of variation (CV)) for the week prior to tracking events. 
Model AICc ∆AICc Wi 
Model 
Likelihood 
K Deviance 
Escapement (Ψ L-E)       
   S(Tmp) p(Lk + Mo) Ψ L-E (Brushy Max + May-Aug) 3,071.03 0.00 0.79 1.00 18 3,034.47 
   S(Tmp) p(Lk + Mo) Ψ L-E (Brushy Max) 3,074.97 3.94 0.11 0.14 17 3,040.47 
   S(Tmp) p(Lk + Mo) Ψ L-E (Brushy Max + Spr-Sum) 3,076.07 5.04 0.06 0.08 18 3,039.51 
   S(Tmp) p(Lk + Mo) Ψ L-E (Brushy Mean) 3,077.18 6.16 0.04 0.05 17 3,042.68 
   S(Tmp) p(Lk + Mo) Ψ L-E (Brushy Min) 3,085.24 14.22 0.00 0.00 17 3,050.75 
   S(Tmp) p(Lk + Mo) Ψ L-E (Brushy CV) 3,097.22 26.19 0.00 0.00 17 3,062.73 
   S(Tmp) p(Lk + Mo) Ψ L-E (Brushy Mo) 3,099.87 28.85 0.00 0.00 27 3,044.64 
   S(Tmp) p(Lk + Mo) Ψ L-E (Brushy Ssn) 3,102.44 31.41 0.00 0.00 19 3,063.82 
   S(Tmp) p(Lk + Mo) Ψ L-E (Brushy Tmp) 3,106.18 35.15 0.00 0.00 17 3,071.68 
Survival (S)       
   S(Tmp) p(Lk + Mo) Ψ L-E (Brushy t) 3,220.00 0.00 0.75 1.00 102 2,997.66 
   S(Lk + Tmp) p(Lk + Mo) Ψ L-E (Brushy t) 3,222.33 2.33 0.23 0.31 103 2,997.62 
   S(Ssn) p(Lk + Mo) Ψ L-E (Brushy t) 3,228.36 8.36 0.01 0.02 104 3,001.27 
   S(Lk + Ssn) p(Lk + Mo) Ψ L-E (Brushy t) 3,230.71 10.71 0.00 0.00 105 3,001.23 
   S(Lk) p(Lk + Mo) Ψ L-E (Brushy t) 3,231.68 11.68 0.00 0.00 102 3,009.34 
   S(Mo) p(Lk + Mo) Ψ L-E (Brushy t) 3,238.75 18.75 0.00 0.00 112 2,992.47 
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Table 2 (continued)       
Model AICc ∆AICc Wi 
Model 
Likelihood 
K Deviance 
   S(Lk + Mo) p(Lk + Mo) Ψ L-E (Brushy t) 3,241.13 21.13 0.00 0.00 113 2,992.43 
Detection (p)       
   S(Lk + t) p(Lk + Mo) Ψ L-E (Brushy t) 3,412.25 0.00 1.00 1.00 188 2,969.20 
   S(Lk + t) p(Lk + Ssn) Ψ L-E (Brushy t) 3,445.34 33.10 0.00 0.00 180 3,024.33 
   S(Lk + t) p(Lk + Tmp) Ψ L-E (Brushy t) 3,464.42 52.18 0.00 0.00 178 3,048.87 
   S(Lk + t) p(Lk) Ψ L-E (Brushy t) 3,480.26 68.01 0.00 0.00 177 3,067.42 
   S(Lk + t) p(Mo) Ψ L-E (Brushy t) 3,613.60 201.35 0.00 0.00 187 3,173.33 
   S(Lk + t) p(Lk + t) Ψ L-E (Brushy t) 3,639.85 227.60 0.00 0.00 435 2,303.28 
   S(Lk + t) p(Ssn) Ψ L-E (Brushy t) 3,651.70 239.46 0.00 0.00 179 3,233.42 
   S(Lk + t) p(Tmp) Ψ L-E (Brushy t) 3,686.30 274.06 0.00 0.00 177 3,273.47 
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Figures 
 
Figure 1. Location and outlines of Big Creek Lake (Polk County, IA, right) and Brushy Creek Lake (Webster County, IA; left) with 
spillway areas indicated by black stars. 
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Figure 2. Multistate model diagram illustrating possible states for tagged adult Muskellunge: in-lake (L; Big Creek or Brushy Creek) 
or escaped via the spillway (E), as well as survival (S), detection (p), and transition (Ψ; i.e., escapement) probabilities within each 
state. 
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Figure 3. Number of radio-tagged adult Muskellunge escapement events from Brushy Creek Lake, Iowa, USA on each day from 
November 2016 through May 2019 compared to spillway water level. A spillway water level of 0.0 indicates that the lake water level 
is the same as the spillway height whereas negative water levels are below the spillway. 
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Figure 4. Number of radio-tagged adult Muskellunge escapement events from Brushy Creek Lake, Iowa (n=16) as a function of time 
of day from October 2016 through May 2019.
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Figure 5. Adult Muskellunge mean depth (top; ± 95% CI) and movement rate (bottom; ± 95% 
CI) in Big Creek (grey) and Brushy Creek (open) lakes, Iowa, USA in relation to lake and 
season. Differences in letters indicate significant differences among lakes and seasons within 
panels.  N/A = Insufficient data was collected to estimate movement rates during winter.
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Figure 6. Kernel density estimates of annual core and home range size (± 95% CI) for adult Muskellunge in Big Creek (grey) 
and Brushy Creek (open) lakes, Iowa, USA. 
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Figure 7. Mean depth, weekly movement rate, and core and home range size (± 95% CI) of adult Muskellunge groups in Brushy 
Creek Lake, Iowa, USA. Groups are based on fish collection location (lake or spillway) as well as final location (lake or escaped).
195 
 
 
 
Figure 8. Proportion of tagged Muskellunge (top) and spillway locations (bottom) occurring in 
the spillway area as a function of season in Big Creek (grey) and Brushy Creek (open) lakes, 
Iowa, USA.
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Figure 9. Adult Muskellunge detection probabilities (± 95% CI) across months in Big Creek (grey) and Brushy Creek (open) lakes, 
Iowa, USA. 
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Figure 10. Adult Muskellunge natural mortality probabilities (± 95% CI) as a function of water temperature (°C) in Big Creek and 
Brushy Creek lakes, Iowa, USA.
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Figure 11. Weekly escapement probability estimates (± 95% CI) of adult Muskellunge from 
Brushy Creek, Iowa, USA as a function of maximum weekly lake level (m) during May through 
August (top panel) and September through April (bottom panel).
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Figure 12. Relative effects of escapement (dotted; ± 95% CI) and natural mortality (solid; ± 95% CI) on a theoretical adult 
Muskellunge population (n=100 fish) in Big Creek (right) and Brushy Creek (left) during 2016-2017 (top panels) and 2017-
2018 (bottom panels). Single lines represent the effect of an individual source of fish loss on the Muskellunge population. Note 
that no Muskellunge escaped from Big Creek where a physical barrier was present.
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CHAPTER 6.    GENERAL CONCLUSION 
Although the era of reservoir construction in the United States has ended, these systems 
continue to provide popular recreational fisheries for anglers as well as management challenges 
for biologists. Reservoirs are dynamic and can experience rapid changes in fish populations as 
well as environmental and physical conditions relative to natural systems, complicating 
understanding of population dynamics (Matthews et al. 2004). In addition to native riverine 
species, reservoirs often sustain diverse sport fish communities that are stocked to fill vacant 
niches and provide diverse angling opportunities (Fetterolf 1957; Kimsey 1958). Muskellunge 
and Walleye are commonly introduced to reservoirs outside their native range and although they 
grow well in these systems, neither species is self-sustaining, with populations supplemented via 
routine stockings. Additionally, while both species have been extensively studied in natural 
systems, knowledge of behavior and mortality sources in reservoirs is limited for all life stages. 
My study helped to increase understanding of reservoir Muskellunge and Walleye populations by 
1) assessing post-stocking behavior and survival of stocked versus wild age-0 Walleye, 2) 
evaluating behavior and survival of stocked yearling Muskellunge in reservoirs with differing 
habitat complexity, 3) comparing and quantifying factors contributing to loss of adult Walleye 
from reservoir populations, and 4) determining how behavior of adult Muskellunge and 
environmental conditions are related to escapement and natural mortality. 
My research regarding age-0 Walleye behavior and survival showed that hatchery-raised 
fish exhibited similar depth, habitat use, movement, and range sizes compared to wild fish, with 
movement declining and greater depth use observed as water temperatures decreased. However, 
range sizes were significantly greater in Big Creek than Brushy Creek, and survival was higher 
for stocked than wild Walleye in Big Creek. Altogether, five-month survival of both Walleye 
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groups was high, ranging from 64-100%. In addition, a number of individuals tagged as juveniles 
have been collected during sampling events and harvested by anglers in the past two years after 
tracking had ceased (see Appendix B). This further reinforces our survival estimates, as several 
of the collected/harvested Walleye went missing during the study, and suggests that survival may 
be even higher than estimated. The results of this study show that hatchery domestication is 
likely not an issue for stocked age-0 Walleye and that fall stockings are a valid management 
option for supplementing populations. As tagging technologies continue to advance, future 
research should focus on evaluating behavior and survival of stocked juvenile Walleye over a 
longer duration, as tags used in our study had a relatively short battery life. Additionally, 
detection of radio tags can be difficult in systems with deep water, high conductivity, and 
complex habitat, while acoustic tags perform better under these conditions. Increased battery life 
coupled with improved detection could provide more precise information regarding fish behavior 
and survival, as well as an increased understanding of mortality sources. 
In contrast to age-0 Walleye, tracking of stocked yearling Muskellunge indicated variable 
but generally low survival, with 200-day survival estimates ranging from 8-42% in Brushy Creek 
and 0-4% in Big Creek. In both systems, survival was greater during 2017 than 2018, with 
significant post-stocking mortality in 2018 attributed to stocking-related stressors. In addition, 
predation contributed to mortality in Big Creek Lake, with tags detected in both avian and 
terrestrial predators. Differences in predation between systems are likely due to variation in 
habitat, as Muskellunge in Brushy Creek were frequently located near coarse woody habitat and 
aquatic vegetation. While selection of coarse woody habitat was not observed in Brushy Creek, 
Muskellunge exhibited strong selected for complex coarse woody habitat in Big Creek. This 
suggests that preferred complex habitats may be limited near the stocking location at Big Creek, 
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which could contribute to increased mortality via predation (Hanson and Margenau 1992; 
Owensby et al. 2017). Additionally, post-stocking mortality has been attributed to greater 
dispersal; greater movement rates in Big Creek could have led to additional mortalities, with 
movements likely due to fish seeking complex habitats. As escapement from Big Creek has been 
reduced via the installation of a physical barrier (see Appendix F), it is likely that post-stocking 
mortality is a major component contributing to low densities of Muskellunge in the system. 
Raising Muskellunge to larger sizes prior to stocking could increase survival and reduce 
predation via the “bigger is better” hypothesis (Werner and Gilliam 1984; Rice et al. 1987; 
Miller et al. 1988). While growing out yearling Muskellunge past the typical May stocking date 
could improve survival (J. Meerbeek, Iowa DNR, unpublished data), it may not be feasible for 
hatcheries due to increased production costs, space limitations, and other obligations associated 
with propagation of different species. As such, fisheries managers should consider habitat 
complexity at stocking locations before releasing Muskellunge. Furthermore, distributing 
stocking efforts across multiple stocking sites or over several days may decrease the risk of a 
failed stocking event, although this may not be possible due to logistical constraints (Trushenski 
et al. 2010). In systems lacking complex habitats, habitat additions near stocking sites could 
improve survival. Additionally, managers could acclimate fish in cages before release (Brown 
and Day 2002), as stocking stressors and predation appear to result in significant mortality 
during this time.  
 Several factors regulate adult Walleye densities in Iowa reservoirs, with their influence 
varying based on environmental conditions as well as season. I found that harvest was greatest in 
both reservoirs during late spring and early summer, when weekly estimates were seven times 
higher than the rest of the year. Additionally, Big Creek annual harvest was estimated at 27%, 
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while the estimate for Brushy Creek was only 13%. Differences in harvest rates between systems 
is likely a result of greater angling pressure at Big Creek due to its proximity to Des Moines. 
Walleye harvest at Big Creek is comparable to estimates from a study conducted in 2010 and 
2011, which ranged from 29-38% (Dodd and Otting 2012). Similarities in these estimates 
suggest that angling pressure and harvest of Walleye have remained relatively stable over the 
past few years and are not responsible for low Walleye densities. Natural mortality did not differ 
between systems but was positively related to water temperature and ranged from 37-39% 
annually. No escapement occurred at Big Creek; however, weekly estimates at Brushy Creek 
were up to 29% during April and were related to mean water levels, corresponding to annual 
escapement estimates of 22% and 47%. Additionally, I found little support that individual 
Walleye behaviors affected their fate, although depth use and movements differed between 
systems and movement rates were greatest during spring. While Walleye harvest at Brushy 
Creek was lower than Big Creek and many other systems in North America (mean of 21%; 
Baccante and Colby 1996), model estimates indicate that natural mortality and escapement could 
lead to significant population declines within a year. Fish loss related to natural mortality and 
escapement should be of particular concern to managers, as the intensity and frequency of heat 
waves as well as extreme rainfall events is predicted to increase in the Midwest (Melillo et al. 
2014). As reducing natural mortality is impractical, management actions should focus on 
reducing escapement in order to increase densities of harvestable adult Walleye and improve 
angler satisfaction. Based on the apparent success of the physical barrier at Big Creek, managers 
could consider implementing a similar design at Brushy Creek. Aside from repairs following 
high flow events, the barrier at Big Creek requires little maintenance and is a cost-effective 
management option. However, Brushy Creek is a relatively new impoundment containing greater 
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densities of coarse woody habitat and aquatic vegetation; thus, as the system ages, regular 
cleaning and maintenance of a barrier may be required. Our data suggests that Walleye 
escapement has a strong seasonal component, with all radio-tagged fish escaping during April of 
a given year. Consequently, implementation of a removable physical barrier could be considered, 
as it can be used seasonally to reduce escapement while limiting upkeep efforts during the off-
season.  
 Loss of adult Muskellunge from stocked reservoir populations is a major management 
concern, as it is a long-lived species that exist in low densities. While Muskellunge is less 
susceptible to exploitation than Walleye, seasonal behaviors in reservoirs can lead to increased 
escapement, and thermal conditions in the Midwest may contribute to increased mortality. 
Additionally, fish may be predisposed to escaping, as riverine fishes often consist of mobile and 
sedentary individuals. I found that a large proportion of tagged Muskellunge in two Iowa 
reservoirs used spillway areas throughout the year, although the bulk of locations were during 
spring and summer. The majority of escapement from Brushy Creek occurred during these 
seasons and while no escapement occurred at Big Creek, over 80% of spillway locations 
occurred during April and May. These findings highlight the potential for seasonal escapement 
of this species, although escapement events may not be as concentrated as for adult Walleye. 
Furthermore, movement rates at Big Creek were greatest during spring, which could increase the 
likelihood of fish encountering the spillway area. While I did not detect differences in seasonal 
movement rates in Brushy Creek, core and home range estimates showed that tagged 
Muskellunge used large expanses of both reservoirs during a given year. However, the separation 
of the Big Creek spillway from the main basin via a canal may inherently limit movements into 
this area (3% of all locations), thus reducing escapement probabilities. Meanwhile, the spillway 
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at Brushy Creek is located on the dam and a greater percentage of all Muskellunge locations 
occurred near it (14%). Additionally, my analysis suggests that previously escaped Muskellunge 
behave similarly to in-lake residents and similar proportions of fish from both groups escaped 
during the study. Weekly escapement was estimated up to 14%, was greatest from May-August, 
and was related to weekly maximum water levels, with the highest estimate occurring at a 
maximum water level of 0.75 m in late June 2018. Annual estimates ranged from 18-54%, 
suggesting that population loss could be significant during years with high water during spring 
and summer. Natural mortality was estimated to have less of an effect on fish loss, ranging from 
15-18% annually, and was positively related to water temperature. Together, these factors have 
the potential to significantly reduce population densities, with the bulk of fish loss occurring 
during spring and summer due to seasonal escapement and elevated water temperatures. While 
stocking success may be limiting establishment of a high-density Muskellunge population in Big 
Creek, my results suggest that juvenile survival is not as much of a concern in Brushy Creek. 
Regardless, high survival and recruitment of juveniles may not compensate for losses of mature 
fish via escapement. As previously mentioned, natural mortality is hard to manipulate; thus, 
management could focus on reducing escapement via installation of a physical barrier to improve 
density and size structure of Muskellunge in Brushy Creek.  
 Collectively, my results shed light on how behavior and survival of juvenile and adult 
Muskellunge and Walleye are related to reservoir population dynamics and indicate that stocking 
success and escapement are serious concerns faced by reservoir fisheries managers. In order to 
reach target densities for these economically and recreationally important species, managers need 
to focus on modifying strategies to minimize post-stocking mortality and loss of adult fish via 
escapement. While increased stocking may result in increased densities of adult Muskellunge 
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and Walleye, the cost of these efforts likely outweigh the benefits, considering the variable 
success of juvenile fish stockings and high escapement of these species as adults. However, my 
data suggests that physical barriers are an efficient and practical method for reducing sport fish 
escapement, leading to improved densities and fishing opportunities within a given system. 
Altogether, my results provide valuable information from which a modified management 
framework can be developed, leading to more productive reservoir fisheries and increased angler 
satisfaction. 
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APPENDIX A.    HABITAT SAMPLING AND SURGERY INFORMATION 
 
 
 
Table A1. Modified Wentworth classification of substrate types by size (adapted from Cummins 1962; Bain and Stevenson 1999). 
 
Substrate type Particle size range (mm) Sample codes 
Boulder >256 4 
Cobble 64-256 3 
Gravel 2-63 2 
Sand 0.06-1 1 
Silt/Clay <0.059 0 
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Table A2. Structural complexity classification of coarse woody habitat (adapted from Mallory et al. 2000). 
 
Complexity 
Classification 
Structural 
Complexity 
Description 
1 Least 
Decaying; bark absent; branches and 
twigs completely absent; few or no stubs 
remaining of main branches 
2  
Decaying; bark absent; almost all 
branches absent; remaining primary 
branches are only stubs; twigs absent 
3 Intermediate 
Decaying; bark broken or only trace; most 
primary and all secondary branches 
absent; some stubs and parts of primary 
branches remain; twigs absent 
4  
Dead or decaying; some bark intact; most 
primary and secondary branches remain; 
some twigs remain 
5 Most 
Live or dead; most bark intact; foliage 
may remain; all primary and secondary 
branches remain; most twigs remain 
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Figure A1. Rake method for vegetation sampling (adapted from Yin et al. 2000). Each white 
rectangle represents one rake sample taken from the boat (grey box). 
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Figure A2. Immobilization tray used during implantation of radio transmitters. 
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APPENDIX B.    SUPPLEMENTARY INFORMATION FOR JUVENILE WALLEYE 
Table B1. Summary information for radio-tagged wild and stocked Walleye in Big Creek and Brushy Creek lakes, Iowa, USA in 2016 
and 2017.  
Year Lake Group Frequency 
TL 
(mm) 
Weight 
(g) 
Total 
detections 
Days at 
large 
MCP (ha) 
Fate on 
March 15, 
2017/2018 
Comments 
2016 Big Wild 148.021 253 125 1 0 ------- Dead 
Dead day 1 of 
tracking 
2016 Big Wild 148.042 233 115 7 29 128.16 Missing ---------------------- 
2016 Big Wild 148.062 272 169 2 155 ------- Alive 
Harvested May 
2018 
2016 Big Wild 148.082 250 143 9 42 47.36 Missing ---------------------- 
2016 Big Wild 148.102 205 70 10 155 109.82 Alive ---------------------- 
2016 Big Wild 148.122 201 63 20 135 6.95 Missing ---------------------- 
2016 Big Wild 148.142 279 187 6 158 60.39 Alive ---------------------- 
2016 Big Wild 148.162 238 115 11 42 28.01 Missing 
Captured spring 
2018 
2016 Big Wild 148.182 240 131 10 135 78.81 Missing ---------------------- 
2016 Big Wild 148.202 253 134 9 20 28.52 Missing ---------------------- 
2016 Big Wild 148.222 247 140 8 49 55.97 Missing ---------------------- 
2016 Big Wild 148.242 208 67 7 148 62.98 Alive ---------------------- 
2016 Big Wild 148.262 276 185 5 132 13.28 Missing 
Captured spring 
2018 
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2016 Big Wild 148.282 242 125 16 161 83.95 Alive 
Harvested May 
2020 
2016 Big Wild 148.301 260 142 10 54 111.34 Missing ---------------------- 
2016 Big Stocked 148.332 264 184 11 215 81.72 Alive ---------------------- 
2016 Big Stocked 148.352 272 173 2 215 ------- Alive ---------------------- 
2016 Big Stocked 148.373 267 176 15 172 7.79 Alive ---------------------- 
2016 Big Stocked 148.392 271 171 9 179 20.53 Alive ---------------------- 
2016 Big Stocked 148.433 277 193 15 242 60.28 Alive ---------------------- 
2016 Big Stocked 148.452 254 153 13 242 159.56 Alive ---------------------- 
2016 Big Stocked 148.473 271 181 12 215 52.68 Alive ---------------------- 
2016 Big Stocked 148.490 269 177 10 34 70.72 Missing ---------------------- 
2016 Big Stocked 148.512 269 169 15 255 81.72 Alive ---------------------- 
2016 Big Stocked 148.532 258 151 10 255 13.78 Alive ---------------------- 
2016 Big Stocked 148.553 249 145 15 179 25.37 Alive ---------------------- 
2016 Big Stocked 148.573 264 150 17 210 26.99 Alive ---------------------- 
2016 Big Stocked 148.593 276 191 17 221 111.42 Alive ---------------------- 
2016 Big Stocked 148.620 248 139 15 242 138.90 Alive ---------------------- 
2016 Big Stocked 148.650 253 143 8 262 177.53 Alive ---------------------- 
2017 Big Wild 148.842 253 124 11 217 60.68 Alive ---------------------- 
2017 Big Wild 148.883   242 121 9 35 126.89 Missing 
Harvested 
January 2020 
2017 Big Wild 148.911 222 86 11 47 82.87 Missing ---------------------- 
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2017 Big Wild 148.942 259 147 8 33 104.61 Missing ---------------------- 
2017 Big Wild 148.982 239 115 9 35 104.04 Missing ---------------------- 
2017 Big Wild 149.002 239 119 8 132 165.87 Missing ---------------------- 
2017 Big Wild 149.022 249 136 7 43 60.62 Missing ---------------------- 
2017 Big Wild 149.042 227 92 10 35 97.66 Missing ---------------------- 
2017 Big Wild 149.061 250 144 6 43 155.63 Missing 
Harvested 
summer 2019 
2017 Big Wild 149.081 240 115 11 47 109.99 Missing ---------------------- 
2017 Big Wild 149.102 234 106 13 132 130.80 Missing ---------------------- 
2017 Big Wild 149.122 227 95 7 43 49.48 Missing ---------------------- 
2017 Big Wild 149.142 246 136 6 63 86.20 Missing ---------------------- 
2017 Big Wild 149.162 244 133 10 35 127.43 Missing ---------------------- 
2017 Big Wild 149.182 252 140 11 47 85.25 Missing ---------------------- 
2017 Big Stocked 150.570 241 120 11 25 135.21 Missing ---------------------- 
2017 Big Stocked 150.591 219 80 10 25 11.67 Missing ---------------------- 
2017 Big Stocked 150.610 240 123 10 21 88.53 Missing ---------------------- 
2017 Big Stocked 150.631 225 86 0 0 ------- Missing 
Missing after 
release 
2017 Big Stocked 150.650 250 130 14 217 153.31 Alive 
Harvested May 
2020 
2017 Big Stocked 150.710 260 151 8 25 83.33 Missing ---------------------- 
2017 Big Stocked 150.729 220 78 6 217 17.79 Alive ---------------------- 
2017 Big Stocked 150.754 221 88 5 99 26.75 Missing ---------------------- 
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2017 Big Stocked 150.771 259 169 13 190 115.73 Alive ---------------------- 
2017 Big Stocked 150.791 224 86 5 7 4.76 Missing ---------------------- 
2017 Big Stocked 150.851 238 98 8 173 104.32 Alive ---------------------- 
2017 Big Stocked 150.870 236 112 0 0 ------- Missing 
Missing after 
release 
2017 Big Stocked 150.891 265 160 10 195 129.27 Alive ---------------------- 
2017 Big Stocked 150.910 223 97 5 146 9.05 Alive ---------------------- 
2017 Big Stocked 150.931 241 135 9 195 53.49 Alive ---------------------- 
2017 Brushy Wild 149.202 263 149 1 7 ------- Missing ---------------------- 
2017 Brushy Wild 149.223 276 177 3 96 ------- Missing ---------------------- 
2017 Brushy Wild 149.243 235 121 6 26 25.91 Missing ---------------------- 
2017 Brushy Wild 149.262 246 122 0 0 ------- Missing 
Missing after 
release, harvested 
May 2020 
2017 Brushy Wild 149.281 263 147 6 125 1.04 Missing ---------------------- 
2017 Brushy Wild 149.302 250 124 0 0 ------- Missing 
Missing after 
release 
2017 Brushy Wild 149.322 256 131 10 110 11.93 Missing ---------------------- 
2017 Brushy Wild 149.343 268 173 1 8 ------- Missing ---------------------- 
2017 Brushy Wild 149.363 262 155 0 0 ------- Missing 
Missing after 
release, captured 
spring 2020 
2017 Brushy Wild 149.383 263 154 3 110 ------- Missing ---------------------- 
2017 Brushy Wild 149.403 275 175 11 125 0.34 Missing ---------------------- 
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2017 Brushy Wild 149.423 247 145 1 202 ------- Alive ---------------------- 
2017 Brushy Wild 149.442 249 126 17 181 0.68 Alive 
Harvested May 
2020 
2017 Brushy Wild 149.463 257 140 0 0 ------- Missing 
Missing after 
release, harvested 
June 2019 
2017 Brushy Wild 149.482 255 149 0 0 ------- Missing 
Missing after 
release 
2017 Brushy Stocked 150.193 215 78 1 2 ------- Missing ---------------------- 
2017 Brushy Stocked 150.210 240 114 11 75 4.45 Missing ---------------------- 
2017 Brushy Stocked 150.232 248 133 2 7 ------- Missing ---------------------- 
2017 Brushy Stocked 150.250 221 86 6 103 98.51 Missing ---------------------- 
2017 Brushy Stocked 150.271 251 138 10 75 10.31 Missing ---------------------- 
2017 Brushy Stocked 150.391 215 81 14 42 5.15 Missing ---------------------- 
2017 Brushy Stocked 150.408 246 132 5 118 7.75 Missing ---------------------- 
2017 Brushy Stocked 150.431 242 127 5 118 13.43 Missing ---------------------- 
2017 Brushy Stocked 150.450 210 72 8 181 19.72 Alive ---------------------- 
2017 Brushy Stocked 150.470 265 136 5 6 7.68 Missing ---------------------- 
2017 Brushy Stocked 150.671 238 124 7 89 9.07 Missing ---------------------- 
2017 Brushy Stocked 150.691 236 115 6 118 7.53 Missing ---------------------- 
2017 Brushy Stocked 150.811 244 133 7 210 0.51 Alive ---------------------- 
2017 Brushy Stocked 150.831 226 90 2 1 ------- Missing ---------------------- 
2017 Brushy Stocked 150.950 245 114 5 5 1.31 Missing ---------------------- 
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Figure B1. Map of high and low use areas by radio-tagged wild (left) and stocked (right) 
Walleye in Big Creek Lake from October 2016-June 2017. Dots represent individual fish 
locations while stars represent stocking locations. 
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Figure B2. Map of high and low use areas by radio-tagged wild (left) and stocked (right) 
Walleye in Big Creek Lake from October 2017-June 2018. Dots represent individual fish 
locations while stars represent stocking locations. 
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Figure B3. Map of high and low use areas by radio-tagged wild (left) and stocked (right) Walleye in Brushy Creek Lake from October 
2017-June 2018. Dots represent individual fish locations while stars represent stocking locations. 
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APPENDIX C.    SUPPLEMENTARY INFORMATION FOR JUVENILE MUSKELLUNGE 
Table C1. Summary information for radio-tagged yearling Muskellunge in Big Creek and Brushy Creek lakes, Iowa, USA in 2017 
and 2018.  
Year Lake Frequency 
TL 
(mm) 
Weight 
(g) 
Total 
detections 
Days at 
large 
MCP 
(ha) 
Fate on 
November 1, 
2018/2019 
Comments 
2017 Big 151.461 283 129 9 11 -------- Unknown ----------------------- 
2017 Big 151.472 304 174 10 13 6.21 Unknown ----------------------- 
2017 Big 151.543 325 189 11 26 7.16 Missing ----------------------- 
2017 Big 151.551 337 225 4 3 -------- Unknown ----------------------- 
2017 Big 151.563 318 200 3 2 -------- Unknown ----------------------- 
2017 Big 151.642 361 291 27 182 83.80 Alive ----------------------- 
2017 Big 151.661 346 252 2 1 -------- Unknown ----------------------- 
2017 Big 151.702 376 338 26 154 74.08 Alive ----------------------- 
2017 Big 151.722 324 204 11 15 12.01 Dead ----------------------- 
2017 Big 151.801 373 356 6 5 -------- Dead ----------------------- 
2017 Big 151.822 315 188 28 203 86.35 Alive ----------------------- 
2017 Big 151.842 340 231 10 13 0.55 Unknown ----------------------- 
2017 Big 151.862 334 208 9 13 -------- Dead Bald Eagle nest 
2017 Big 151.922 331 209 1 0 -------- Missing Missing day 1 
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2017 Big 151.979 290 143 12 20 12.02 Dead Recovered 
2017 Brushy 151.482 328 197 20 156 40.74 Alive ----------------------- 
2017 Brushy 151.501 332 204 32 245 0.89 Alive ----------------------- 
2017 Brushy 151.511 328 207 24 128 15.32 Dead ----------------------- 
2017 Brushy 151.521 345 255 33 178 2.42 Alive ----------------------- 
2017 Brushy 151.581 305 164 31 178 25.91 Alive ----------------------- 
2017 Brushy 151.602 300 150 38 212 14.49 Alive ----------------------- 
2017 Brushy 151.623 347 260 28 142 31.06 Alive ----------------------- 
2017 Brushy 151.683 320 181 16 50 1.08 Alive ----------------------- 
2017 Brushy 151.742 287 136 20 79 15.36 Dead ----------------------- 
2017 Brushy 151.763 365 280 33 184 7.77 Alive ----------------------- 
2017 Brushy 151.782 352 268 17 58 -------- Dead ----------------------- 
2017 Brushy 151.881 340 240 17 64 0.76 Unknown ----------------------- 
2017 Brushy 151.901 310 167 35 212 7.23 Alive ----------------------- 
2017 Brushy 151.941 300 152 35 212 5.06 Alive ----------------------- 
2017 Brushy 151.961 345 256 22 99 10.39 Dead ----------------------- 
2018 Big 149.032 282 133 2 1 -------- Unknown ----------------------- 
2018 Big 149.092 297 130 3 2 -------- Dead Recovered 
2018 Big 149.150 298 149 3 2 -------- Dead Tracked on land 
2018 Big 149.170 325 207 5 4 -------- Unknown ----------------------- 
2018 Big 149.212 337 224 4 3 -------- Dead Recovered 
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2018 Big 149.232 313 180 4 3 -------- Dead ----------------------- 
2018 Big 149.270 268 119 1 0 -------- Missing Missing day 1 
2018 Big 149.292 334 231 3 2 -------- Dead Northern Watersnake 
2018 Big 149.312 312 162 3 2 -------- Dead Northern Watersnake 
2018 Big 149.331 309 170 2 1 -------- Unknown ----------------------- 
2018 Big 149.351 305 167 2 1 -------- Dead Recovered 
2018 Big 149.371 303 166 4 3 -------- Dead Tracked on land 
2018 Big 149.392 310 177 2 1 -------- Unknown ----------------------- 
2018 Big 149.412 314 179 3 2 -------- Dead Recovered 
2018 Big 149.432 314 194 4 3 -------- Dead Great Blue Heron 
2018 Big 151.979 304 149 2 1 -------- Dead 
Great Blue Heron, later 
recovered 
2018 Brushy 150.021 281 119 2 1 -------- Missing ----------------------- 
2018 Brushy 150.041 292 144 3 2 -------- Dead Recovered 
2018 Brushy 150.071 341 264 3 2 -------- Dead Recovered 
2018 Brushy 150.091 325 179 7 6 -------- Unknown ----------------------- 
2018 Brushy 150.110 316 189 4 3 -------- Dead Recovered 
2018 Brushy 150.132 293 132 3 2 -------- Dead Recovered 
2018 Brushy 150.151 300 152 34 185 17.85 Alive ----------------------- 
2018 Brushy 150.173 297 166 4 3 -------- Dead ----------------------- 
2018 Brushy 150.290 311 154 3 2 -------- Dead Recovered 
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2018 Brushy 150.312 324 221 4 3 -------- Dead Recovered 
2018 Brushy 150.331 345 264 35 189 16.94 Alive ----------------------- 
2018 Brushy 150.351 295 129 1 0 -------- Missing Missing day 1 
2018 Brushy 150.37 295 126 2 1 -------- Dead Recovered 
2018 Brushy 150.491 320 203 7 6 -------- Unknown ----------------------- 
2018 Brushy 150.511 308 218 35 189 23.77 Alive ----------------------- 
 
 
 
 
 
2
2
4
 
 
Figure C1. Yearling Muskellunge mean depth (± 95% CI) in relation to days since stocking in 2017 (top) and 2018 (bottom). Letters 
within a panel indicate significant differences across days within a lake. 
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Figure C2. Yearling Muskellunge minimum daily movement rates (± 95% CI) in relation to days since stocking. Letters within a 
panel indicate significant differences across days. 
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APPENDIX D.    SUPPLEMENTARY INFORMATION FOR ADULT WALLEYE 
Table D1. Behavioral information for radio-tagged adult Walleye in Big Creek and Brushy Creek lakes, 
Iowa, USA. Fish IDs ending in “_#” indicate tags that were recovered and implanted in new Walleye.  
Lake Fish ID 
Total 
detections 
Mean weekly 
movement 
rate (m) 
2017 core 
range 
(ha) 
2017 home 
range (ha) 
2018 core 
range 
(ha) 
2018 home 
range (ha) 
Big 149.203 34 615 ------------ ------------ 44.5 189.3 
Big 149.213 4 604 ------------ ------------ ------------ ------------ 
Big 149.233 15 409 ------------ ------------ 39.2 167.6 
Big 149.244 32 870 ------------ ------------ 134.5 294.9 
Big 149.263 1 ------------ ------------ ------------ ------------ ------------ 
Big 149.272 25 382 ------------ ------------ 80.4 241.8 
Big 149.293 24 897 ------------ ------------ 186.1 280.4 
Big 149.312 7 1045 ------------ ------------ ------------ ------------ 
Big 149.324 6 418 ------------ ------------ ------------ ------------ 
Big 149.333 25 1281 ------------ ------------ 163.2 255.4 
Big 150.104 4 613 149.8 309.1 ------------ ------------ 
Big 150.123 18 692 157.4 270.2 ------------ ------------ 
Big 150.203 2 ------------ ------------ ------------ ------------ ------------ 
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Big 150.265 47 888 150.3 271.1 181.2 308.6 
Big 150.284 21 383 14.4 56.2 ------------ ------------ 
Big 150.323 65 948 96.5 247.7 83.5 237.8 
Big 150.363 4 ------------ ------------ ------------ ------------ ------------ 
Big 150.383 25 969 88.2 234.8 ------------ ------------ 
Big 150.402 30 358 31.1 192.3 ------------ ------------ 
Big 150.482 9 889 ------------ ------------ ------------ ------------ 
Big 150.503 7 1074 ------------ ------------ ------------ ------------ 
Big 150.542 19 771 225.0 301.7 ------------ ------------ 
Big 150.561 8 239 ------------ ------------ ------------ ------------ 
Big 150.581 23 738 66.8 204.8 ------------ ------------ 
Big 150.602 20 771 36.1 174.0 ------------ ------------ 
Big 150.703 3 ------------ ------------ ------------ ------------ ------------ 
Big 150.723 19 ------------ 60.5 153.6 ------------ ------------ 
Big 150.782 12 398 ------------ ------------ ------------ ------------ 
Big 150.802 19 462 115.5 283.9 ------------ ------------ 
Big 150.841 14 1610 97.8 242.4 ------------ ------------ 
Big 149.213_2 2 ------------ ------------ ------------ ------------ ------------ 
Big 149.313_2 4 ------------ ------------ ------------ ------------ ------------ 
Big 150.104_2 21 1159 ------------ ------------ ------------ ------------ 
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Big 150.123_2 41 994 ------------ ------------ 130.9 253.3 
Big 150.363_2 3 ------------ ------------ ------------ ------------ ------------ 
Big 150.581_2 5 1095 ------------ ------------ ------------ ------------ 
Big 150.602_2 17 839 ------------ ------------ 186.5 312.0 
Big 150.602_3 10 1029 ------------ ------------ ------------ ------------ 
Big 150.703_2 26 390 ------------ ------------ 52.0 204.2 
Big 150.703_3 6 952 ------------ ------------ ------------ ------------ 
Big 150.782_2 3 ------------ ------------ ------------ ------------ ------------ 
Big 150.841_2 26 1008 ------------ ------------ ------------ ------------ 
Brushy 148.012 5 290 ------------ ------------ ------------ ------------ 
Brushy 148.024 13 257 ------------ ------------ ------------ ------------ 
Brushy 148.032 5 1046 ------------ ------------ ------------ ------------ 
Brushy 148.040 4 ------------ ------------ ------------ ------------ ------------ 
Brushy 148.052 23 598 ------------ ------------ 96.5 234.2 
Brushy 148.062 4 86 ------------ ------------ ------------ ------------ 
Brushy 148.073 17 220 ------------ ------------ 10.6 43.2 
Brushy 148.082 23 481 ------------ ------------ 24.9 107.6 
Brushy 148.090 1 ------------ ------------ ------------ ------------ ------------ 
Brushy 148.103 1 ------------ ------------ ------------ ------------ ------------ 
Brushy 150.064 7 ------------ ------------ ------------ ------------ ------------ 
 
 
 
2
2
9
 
Brushy 150.082 1 ------------ ------------ ------------ ------------ ------------ 
Brushy 150.143 1 ------------ ------------ ------------ ------------ ------------ 
Brushy 150.164 23 453 ------------ ------------ 77.3 221.3 
Brushy 150.186 17 77 29.7 87.6 ------------ ------------ 
Brushy 150.224 18 234 32.9 137.7 ------------ ------------ 
Brushy 150.243 1 ------------ ------------ ------------ ------------ ------------ 
Brushy 150.303 37 373 14.3 59.8 9.4 85.7 
Brushy 150.344 8 161 ------------ ------------ ------------ ------------ 
Brushy 150.424 24 699 ------------ ------------ 51.4 128.1 
Brushy 150.443 19 1055 ------------ ------------ ------------ ------------ 
Brushy 150.461 12 385 ------------ ------------ ------------ ------------ 
Brushy 150.521 10 52 ------------ ------------ ------------ ------------ 
Brushy 150.621 5 ------------ ------------ ------------ ------------ ------------ 
Brushy 150.642 2 ------------ ------------ ------------ ------------ ------------ 
Brushy 150.663 7 67 ------------ ------------ ------------ ------------ 
Brushy 150.682 1 ------------ ------------ ------------ ------------ ------------ 
Brushy 150.744 2 ------------ ------------ ------------ ------------ ------------ 
Brushy 150.760 2 ------------ ------------ ------------ ------------ ------------ 
Brushy 150.822 1 ------------ ------------ ------------ ------------ ------------ 
Brushy 148.032_2 4 273 ------------ ------------- ------------ ------------ 
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Brushy 148.062_2 3 763 ------------ ------------ ------------ ------------ 
Brushy 150.064_2 4 ------------ ------------ ------------ ------------ ------------ 
Brushy 150.186_2 28 797 ------------ ------------ 80.8 244.9 
Brushy 150.461_2 15 1221 ------------ ------------ ------------ ------------ 
Brushy 150.521_2 2 ------------ ------------ ------------ ------------ ------------ 
Brushy 150.744_2 30 354 ------------ ------------ 11.6 45.3 
Brushy 150.760_2 13 1101 ------------ ------------ ------------ ------------ 
Brushy 150.760_3 3 ------------ ------------ ------------ ------------ ------------ 
Brushy 150.822_2 1 ------------ ------------ ------------ ------------ ------------ 
Brushy 150.822_3 3 755 ------------ ------------ ------------ ------------ 
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Figure D1. Locations of radio-tagged adult Walleye in Big Creek Lake, Iowa, USA, from 
October 2016 through May 2019 during spring (March-May; top left), summer (June-August; 
top right), fall (September-November; bottom left) and winter (December-February; bottom 
right). 
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Figure D2. Locations of radio-tagged adult Walleye in Brushy Creek Lake, Iowa, USA, from 
October 2016 through May 2019 during spring (March-May; top left), summer (June-August; 
top right), fall (September-November; bottom left) and winter (December-February; bottom 
right). 
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Figure D3. Type I selection ratio intervals (𝑊𝑖) for substrate types based on radio-tagged adult 
Walleye locations in Big Creek and Brushy Creek lakes, Iowa, USA. Selection ratios > 1 indicate 
selection; values < 1 indicate avoidance; values = 1 indicate no selection. 
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Figure D4. Type I selection ratio intervals (𝑊𝑖) for CWH complexities based on radio-tagged 
adult Walleye locations in Big Creek and Brushy Creek lakes, Iowa, USA. Selection ratios > 1 
indicate selection; values < 1 indicate avoidance; values = 1 indicate no selection.
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Figure D5. Number of radio-tagged adult Walleye escapement events from Brushy Creek Lake, Iowa, USA on each day from 
November 2016 through May 2019 compared to spillway water level. A spillway water level of 0.0 indicates that the lake water level 
is the same as the spillway height whereas negative water levels are below the spillway.
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APPENDIX E.    SUPPLEMENTARY INFORMATION FOR ADULT MUSKELLUNGE 
Table E1. Behavioral information for radio-tagged adult Muskellunge in Big Creek and Brushy Creek 
lakes, Iowa, USA. Fish IDs ending in “_#” indicate tags that were recovered and implanted in new 
Muskellunge.  
Lake Fish ID 
Total 
detections 
Mean weekly 
movement 
rate (m) 
2017 core 
range 
(ha) 
2017 home 
range (ha) 
2018 core 
range 
(ha) 
2018 home 
range (ha) 
Big 150.862 56 391 132.4  218.3  126.2  292.4  
Big 150.901 32 921 61.3  124.6  ------------ ------------ 
Big 150.922 3 ------------ ------------ ------------ ------------ ------------ 
Big 150.942 31 779 30.5  100.3  ------------ ------------ 
Big 150.942_2 7 1183 ------------ ------------ ------------ ------------ 
Big 150.982 77 1121 51.9  169.6  114.6  276.0  
Big 151.002 54 943 203.5  261.4  40.3  134.0  
Big 151.042 59 1106 88.8  294.6  144.3  318.6  
Big 151.123 62 894 66.4  193.8  208.1  327.1  
Big 151.143 48 873 172.7  285.1  43.0  146.7  
Big 151.202 61 616 219.2  328.1  200.8  328.1  
Big 151.242 60 910 232.7  275.4  12.9  50.9  
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Big 151.281 33 643 208.7  327.7  ------------ ------------ 
Big 151.343 60 854 11.1  28.2  110.3  311.0  
Big 151.382 4 2524 ------------ ------------ ------------ ------------ 
Big 151.382_2 39 1190 ------------ ------------ 201.5  312.9  
Big 151.443 61 732 6.5  24.7  27.6  97.2  
Brushy 148.682 27 731 172.8  302.5  80.3  189.3  
Brushy 148.711 2 ------------ ------------ ------------ ------------ ------------ 
Brushy 148.741 17 725 158.7  302.3  ------------ ------------ 
Brushy 148.772 37 1850 59.2  199.9  163.0  272.8  
Brushy 148.802 15 1170 206.7  312.9  ------------ ------------ 
Brushy 148.832 29 746 24.1  66.3  89.6  221.4  
Brushy 148.861 50 830 138.4  205.2  85.1  192.6  
Brushy 148.892 9 1269 ------------ ------------ ------------ ------------ 
Brushy 148.924 29 715 97.5  251.8  134.1  259.9  
Brushy 148.954 13 893 63.6  108.0  ------------ ------------ 
Brushy 150.882 29 1484 ------------ ------------ 71.4  214.5  
Brushy 150.961 11 219 138.2  287.1  ------------ ------------ 
Brushy 151.021 13 1411 ------------ ------------ 173.6  269.1  
Brushy 151.062 15 749 158.4  325.7  ------------ ------------ 
Brushy 151.082 17 339 ------------ ------------ 204.0  325.0  
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Brushy 151.100 22 668 ------------ ------------ 128.3  269.4  
Brushy 151.162 15 1370 ------------ ------------ 7.1  39.0  
Brushy 151.181 32 1183 202.7  326.7  121.7  257.7  
Brushy 151.222 5 2436 ------------ ------------ ------------ ------------ 
Brushy 151.262 2 ------------ ------------ ------------ ------------ ------------ 
Brushy 151.301 23 338 167.5  307.4  ------------ ------------ 
Brushy 151.323 44 535 56.2  173.0  158.6  284.7  
Brushy 151.363 7 40 ------------ ------------ ------------ ------------ 
Brushy 151.403 20 747 162.9  308.6  ------------ ------------ 
Brushy 151.422 13 95 ------------ ------------ 255.7  320.4  
Brushy 148.954_2 33 350 ------------ ------------ 66.3  141.8  
Brushy 150.961_2 12 603 ------------ ------------ ------------ ------------ 
Brushy 151.100_2 5 970 ------------ ------------ ------------ ------------ 
Brushy 151.301_2 5 867 ------------ ------------ ------------ ------------ 
Brushy 151.422_2 4 428 ------------ ------------ ------------ ------------ 
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Figure E1. Locations of radio-tagged adult Muskellunge in Big Creek Lake, Iowa, USA, from 
October 2016 through May 2019 during spring (March-May; top left), summer (June-August; 
top right), fall (September-November; bottom left) and winter (December-February; bottom 
right). 
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Figure E2. Locations of radio-tagged adult Muskellunge in Brushy Creek Lake, Iowa, USA, 
from October 2016 through May 2019 during spring (March-May; top left), summer (June-
August; top right), fall (September-November; bottom left), and winter (December-February; 
bottom right). 
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Figure E3. Type I selection ratio intervals (𝑊𝑖) for substrate types based on radio-tagged adult 
Muskellunge locations in Big Creek and Brushy Creek lakes, Iowa, USA. Selection ratios > 1 
indicate selection; values < 1 indicate avoidance; values = 1 indicate no selection. 
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Figure E4. Type I selection ratio intervals (𝑊𝑖) for CWH complexities based on radio-tagged 
adult Muskellunge locations in Big Creek and Brushy Creek lakes, Iowa, USA. Selection ratios > 
1 indicate selection; values < 1 indicate avoidance; values = 1 indicate no selection. 
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APPENDIX F.    STUDY SITE INFORMATION 
 
Figure F1. Physical barrier installed at Big Creek Lake, Iowa, USA, spillway. 
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Figure F2. Physical barrier (center) and PIT tag antenna array (right) installed at Big Creek Lake, Iowa, USA, spillway 
during a high flow event. 
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Figure F3. Lake side of Brushy Creek Lake, Iowa, USA, spillway and PIT tag antenna. 
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Figure F4. Photo below Brushy Creek Lake, Iowa, USA, spillway during a high flow event. 
